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Abstract: Experimental wind tunnel test results are affected by acquisition times because extreme
pressure peak statistics depend on the length of acquisition records. This is also true for dynamic tests
on aeroelastic models where the structural response of the scale model is affected by aerodynamic
damping and by random vortex shedding. This paper investigates the acquisition time dependence
of linear transformation through singular value decomposition (SVD) and its correlation with floor
accelerometric signals acquired during wind tunnel aeroelastic testing of a scale model high-rise
building. Particular attention was given to the variability of eigenvectors, singular values and the
correlation coefficient for two wind angles and thirteen different wind velocities. The cumulative
distribution function of empirical magnitudes was fitted with numerical cumulative density function
(CDF). Kolmogorov–Smirnov test results are also discussed.

Keywords: aeroelastic experiments; experimental uncertainty; singular value decomposition; corre-
lation field

1. Introduction

Uncertainty related to experiments with scale models is an issue which is currently
being discussed by the international scientific community. The reason for this is that codes
of practice do not give experimental protocols [1,2] and that scientific literature focuses on
specific cases. Error propagation due to the small scale of experimental models is known
to affect results at the prototype scale [3–8].

The most common experimental errors can be grouped in three families: instrumental
error, inaccuracy error and random repetitiveness error. Instrumental error is due to
the limits of the instrument and is checked before the experiment is set up [3]. This
is an awareness error and is commonly taken into account. Inaccuracy errors can be
due to several aspects such as the inaccuracy of the model, inaccuracy when performing
experiments and others. The small scale of the models [9] used for wind tunnel tests
generally causes the most common inaccuracy errors. Small scales may cause loss of
important details or undesired asymmetries or scaling inaccuracy due to the Reynolds
number effects. However, the modern technology in the field of the 3D printer and
control systems reduces the inaccuracy due to the model geometry. The situation for the
Reynolds number effects is different because this is a long-standing problem that should
be investigated by repeating tests many times.

The last family of experimental errors, random repetitiveness errors, is the hardest
to check or to plan before experiments because it depends primarily on the amount of
time and economic resources available for experiments. It is well known that the number
of repetitions of experiments affects results at the prototype scale [3–5]. This is partic-
ularly relevant in the case of experiments that cannot be totally automated. Rizzo and
Caracoglia (2018) [4] showed that the number of repetitions affects flutter critical velocity
estimation during wind tunnel aeroelastic tests. Rizzo et al. (2020) [3] showed that the
number of experiment repetitions affects dynamic identification of an aeroelastic model
and consequently affects the prediction of magnitudes at the prototype scale.
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Acquisition time is another important aspect to take into account during dynamic
experiments. Acquisition time in the wind tunnel is a relevant issue for both pressure
and force tests and for aeroelastic tests. This dependence is discussed in literature with
particular relevance to peak statistics. The maxima and minima of a random process
depend on the recorded time history length. Most analytical models used to predict peak
factors are affected by this aspect [10–20]. In the case of dynamic experiments, where
structural response is affected by nonlinearity and vorticity, model vibration is related to
acquisition time length even if recording processes in the wind tunnel are mostly stationary.

This paper discusses the acquisition time dependence of wind-induced floor accel-
eration on a scale model high-rise building. Individual values, eigenvectors and floor
acceleration correlations between different levels and wind angles are assumed as signifi-
cant magnitudes in order to have a measure of variability due to acquisition time length.

The complete recorded processes of floor accelerations at different levels of a high-rise
building scale model were subdivided into random sub-processes. The variability of the
singular values, eigenvectors and correlation coefficients is discussed.

Sections 2 and 3 discuss the structural setup of the prototype, the experimental model
scaling and construction procedure and, finally, the wind tunnel aeroelastic tests. Section 4
discusses the acquisition time dependence of the individual values and of the wind induced
floor acceleration correlation coefficient between both different levels of the building and
different wind directions.

2. Structural and the Experimental Setup

The building being investigated is a 60-floor high-rise building with a cruciform plan
inscribable in a 138.1 × 138.1 m square. Total height is 300 m, and the main structure is made
of steel columns and reinforced concrete walls. Floors are made of truss steel structures, and
slabs change their dimensions alternately from one floor to another. Structural elements
were designed according to [1,2] through a finite element method (FEM) model illustrated
in Figure 1a.
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Figure 1. Structural (a) and experimental (b) setup.

The first two natural frequencies, estimated through modal analyses, are horizontal,
along X and Y, and equal to 0.12 Hz (Y) and 0.13 Hz (X). The structural damping ratio was
assumed equal to 1.3%. Estimated mean wind velocity at the top of the building, vm was
48.5 m/s for TR0 = 50 years [1].

A scaled model to carry out aeroelastic wind tunnel experiments was designed and
constructed according to the aeroelastic scaling procedure given by [9]. Velocity scale was
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calibrated to obtain a value of 5.9 m/s (a prototype scale 48.5 m/s considering the blockage
correction) at the top of the model. The first natural frequency and mass were 5.86 Hz and
7.95 kg. Scaling values are: λL = 2.50 × 10−3 (a geometric scale of 1:400), λV = 0.12 (velocity
scale), λa= 5.93 (acceleration scale), λη = 48.71 (frequency scale), λm = 1.56 · 10−8 (mass
scale), λI,m = 9.76 × 10−4 (inertia scale) and, finally, λt = 0.02 (time scaling). The structural
damping ratio was 1.3% for both prototype and model scale [10]. The scale model was
made of steel and wood (Figure 1b). The floor slabs were made of 4 mm thick poplar wood.
Four 2 × 30 × 750 mm steel plates were used to simulate walls and together with four
4 mm circular steel bars, located in the center of the wings were used to reproduce the
total vertical load-bearing structure. The connection between slabs and walls is obtained
through steel screws. Steel plates and bars are welded. The model mass is concentrated on
six different points.

The first natural frequency and structural damping of the aeroelastic model were
identified by experiments on the joint DIST-UNINA and ICD-CNR shaking table at the
University of Napoli Federico II, Italy, laboratory. The first modal frequency, structural
damping ratio and first modal shape were assessed [3,21,22].

3. Wind Tunnel Experimental Results

Aeroelastic testing was carried out at the DICCA laboratory at the University of
Genoa, Italy. The DICCA wind tunnel is a closed-loop subsonic circuit tunnel with a
cross-section of 1.70 (width) × 1.35 (height) m. A total of three different wind angles were
investigated, 0◦ (along wind), 45◦ and 90◦ (across wind), according to a suburban Terrain I
velocity profile. Correction factors were used to take blockage effects into account. The
factors ranged between 1.028 (for 0◦ and 90◦) and 1.04 (for 45◦), [23] and were applied to
the velocity and acceleration scale factors. Nine accelerometers monitored acceleration
signals. Six accelerometers were located on six floors at z/H = 0.17, 0.33, 0.5, 0.67, 0.83;
one accelerometer was linked to the wind tunnel basement; and two accelerometers were
located on the top floor of the model. A total of thirteen different velocities were tested,
ranging from 5.4 to 112 m/s at the building top at prototype scale.

Accelerations were measured at a sampling frequency of 1000 Hz for a time length of
180 s. At the prototype scale, this corresponds to a time step of 0.05 s and a time length
of 9000 s.

The entire process, to investigate the variability of magnitudes such as singular values
or eigenvectors, was subdivided into fifteen 10 min long recording sessions [24–29]. Figure 2
shows two examples of processes with U = 49.0 m/s, along and across wind, subdivided
in sub-processes. The along versus across wind acceleration point cloud graph shown in
Figure 3 shows that the difference between sub-processes (in the 10 min records) is relevant
because it changes significantly as for example with T [0; 9000] (Figure 3c), T [2400; 3000]
(Figure 3d), T [7200; 7800] (Figure 3e) and T [840; 9000] (Figure 3f) [24–29].
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4. Time Dependence of Wind Induced Floor Acceleration
4.1. Singular Value Decomposition

In linear algebra, the singular value decomposition (SVD) of a matrix is a factorization
of that matrix into three matrices. This value has some interesting algebraic properties and
conveys important geometrical and theoretical insights about linear transformations. It
also has some important applications in data science [30]. Singular value decomposition
takes a rectangular matrix of gene expression data (defined as A, where A is a n × p matrix)
in which the n rows represent the genes, and the p columns represent the experimental
conditions. The SVD theorem states:

An × p = Un × n × Sn × p × VT
p × p (1)

where the Un × n columns are the left singular vectors (gene coefficient vectors); Sn × p (the
same dimensions as A) has singular values and is diagonal (mode amplitudes); and VT

p × p
has rows that are the right singular vectors (expression level vectors). The SVD represents
an expansion of the original data in a coordinate system where the covariance matrix is
diagonal. Calculating the SVD consists in finding the eigenvalues and eigenvectors of
An × p × AT

n × p and AT
n × p × An × p . The eigenvectors of AT

n × p × An × p make up the
columns of Vp × p ; the eigenvectors of An × p × AT

n × p make up the columns of Un × p .
The singular values in Sn × p are also square roots of eigenvalues from An × p × AT

n × p

or AT
n × p × An × p . The singular values are the diagonal entries of the Sn × p matrix and
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are arranged in descending order. The singular values are always real numbers. If matrix
An × p is a real matrix, then Un × n and Vp × p are also real.

The singular value decomposition of the A180000×6 acceleration matrix was estimated
for two different wind angles, 0◦ and 90◦, respectively along and across wind, and thirteen
different wind velocities, in order to examine the variability of V6×6 and the diagonal of
S180000×6 computed for different 10 min records.

4.1.1. Singular Value Variability

The diagonal of S180000 × 6 was estimated for each fifteen 10 min record of the wind
induced floor accelerations. Figure 4 shows the diagonal of S180000 × 6 variability along
wind and across wind for three significate velocities at the building top: a small velocity,
U = 5.4 m/s; the estimated by CNR DT 207, 2018 velocity, U = 49.0 m/s; and a very large
velocity, U = 111.8 m/s.Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 16 
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Figure 4 shows that the variability is significant for the first three modes (i.e., p = 1,
2 and 3) and along wind. Variability increases when velocities increase and is much
smaller across wind. This suggests that the across wind singular values are not affected
by the random nature of the wind flow. Along wind, by contrast, the singular values
significantly depend on the recorded records. They vary up to 40% for the highest velocity.
It is very important to specify that the estimated modes through the Property Orthogonal
Decomposition (POD) methodology and their discussion only refer to the experimental
model. The experimental model was calibrated only on the first mode of the prototype, and
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for this reason, there is no reliable correspondence for modes higher than the first between
the test model and the prototype structure. However, the paper goal is to investigate and
to discuss the variability of the test model modes as a function of acquisition time length,
and for this reason, the discussion on the higher modes is being reported.

4.1.2. Eigenvector Variability

Eigenvectors were estimated along and across wind with different velocities and for
each 10-min record in order to examine the variability at each level (levels from 1 to 6,
from base to top). Figure 5 shows the first three eigenvectors along wind (Figure 5a) and
across wind (Figure 5b) variability. Different curves overlapping in Figure 5 represent the
eigenvector shape for each subinterval. It was observed that the first mode is very similar
for both oscillation directions, whereas modes 2 and 3 are quite different between along
wind and across wind. The eigenvector variability increases for the first modes for both
along wind and across wind, and it increases with increasing velocities as is illustrated
in Figure 6 for both oscillation directions. In addition, eigenvectors have a trend which is
quite different with increasing velocities. This result seems significant because it means
that eigenvector trends are affected by the randomness of the wind flow, and consequently,
their variability should be taken into account.
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Figure 6. Eigenvector #1 along wind (a) and across wind (b) variability as a function of the wind velocity.

The eigenvectors were calculated for each subinterval (i.e., fifteen), for each wind
velocity (i.e., thirteen), and for each investigated building level (i.e., six). The standard
deviation of eigenvector #1 for different subintervals has been plotted as a function of
the wind velocity and building floor in Figure 7. Figure 7 shows the three-dimensional
variability of the standard deviation of the eigenvectors for Mode #1 along (Figure 7a) and
across (Figure 7b) wind. The standard deviation is much larger along wind than across
wind for all wind velocities tested, confirming the variability shown in Figures 5 and 6.

The empirical cumulative density function (CDF) of the fifteen different values was
estimated for each building level wind velocity and wind angle to give a measure of
the probabilistic trends of the eigenvectors. The empirical CDF and numerical CDF are
not the same distribution. The Kolmogorov-Smirnov (K–S) test was repeated by varying
significance levels from 5% to 50%, and similar results were obtained. The best fitting, in
any case, is given by the Generalized extreme value distribution (GEV) distribution even
though it is not satisfactory.
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Figure 8 shows some examples. The empirical CDF was fitted through numerical
CDF as the Normal, Gamma, Weibull, GEV and Gumbel distribution CDF. The two-sample
Kolmogorov–Smirnov (K-S) [31] test was carried out to look for the best fitting. The
KS test did not reject (i.e., failed to reject) the null hypothesis of inequality at the 5%
significance level.
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4.2. Time Dependence of the Floor Acceleration Correlation Coefficient

The space correlation of two random processes is usually taken as a measure of how
much one variable is related to another variable. In the case of a high-rise building, the
correlation of floor acceleration at different building levels is a measure of the effects of aerody-
namics, such as vortex shedding, and aeroelastics, such as nonlinear structural movements.
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A further attempt was made to calculate a measure of response variability due to
different acquisition records, examining the correlation coefficients ρ(6,1...5) between the
signal on the top, level #6 and on the other five levels, #1, #2, #3, #4 and #5, corresponding
to z/H = 1/6, 2/6, 3/6, 4/6 and 5/6, for each 10 min recording session.

Figure 9 shows the variability of the correlation coefficient ρ(6,1...5) estimated for fifteen
10 min recording sessions with two significant velocities (U = 49.0 m/s and 111.8 m/s) and
two wind angles (0◦ and 90◦). The variability of ρ ranges from 5% to 75% and consequently is
non-negligible. Its variability is larger along wind (Figure 9a) than across wind (Figure 9b)
and increases with increases in velocity.
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It can be seen that the best along wind correlation for all velocities was calculated
between levels #6 and #1, while the best across wind correlation was between levels #6
and #4. The correlation between two adjoining intermediate floors is quite low for all
velocities and wind directions. This seems to suggest that along wind aerodynamics, in
the range between z/H = 0.33 and z/H = 0.83, gives significant vorticity that induces a
structural vibration different from that at the top. This effect is probably due to the not
slender shape of the building, to the slabs and to the free vibration associated with the first
structural modal shape which, in this case, is not a pendulum motion like that of a simple
harmonic oscillator.

The standard deviation of the ρ coefficient estimated for all fifteen along and across wind
short (10 min) records ranges between 0.01 and 0.1 as shown in Figure 10. Figure 10 shows
that the standard deviation, and consequently ρ variability, depends on flow velocity and
on floor position. Values for the correlation between levels #6 and #5 along wind seem
anomalous because the correlation is very small. It is reasonable to think that acquisitions
were affected by noise during tests. The difference between small and large velocities is
relevant but not the same for all levels. The three-dimensional trend shows a valley around
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z/H = 0.5 for all velocities and two peaks at the top and close to the base for the highest
velocities. This irregular trend of the standard deviation as a function of wind velocity and
height above ground confirms that structural vibration is very different between the top
and the other levels and also that the correlation coefficient is affected by the randomness
of the wind flow distribution, consequently varying significantly from one time interval
to another.
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The correlation coefficient between along and across wind floor acceleration was
estimated, and its variability shown in Figure 11a for two significant velocities, U = 49.0 m/s
and 111.8 m/s. It can be seen that the variability is slightly larger for U = 49 m/s than
U = 111.8 m/s. This effect is evidenced in Figure 11b that shows the three-dimensional
trend of the standard deviation of the correlation coefficient for the fifteen records as a
function of wind velocity and building levels. It was observed in the range from 40 to
80 m/s. It is reasonable to think that in the range from 40 m/s to 80 m/s, a resonance
between oscillation along wind and across wind occurs, although this aspect should be
carefully investigated through additional tests.
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The standard deviation ranges from 0.01 to 0.15, taking its maximum value at low
wind velocity levels, in the range from 40 m/s to 80 m/s. Figure 12 shows the CDF of the
correlation coefficient estimated between level #6 and levels from #1 to #5. Figure 12 shows
that, for U = 49.0 m/s, the GEV distribution gives the best fitting of the empirical CDF even
if, as with the eigenvectors, the KS tests accepted the null hypothesis of inequality for all
numerical CDFs.
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5. Conclusions

Acquisition time dependence of significant magnitudes, such as singular values,
eigenvectors and correlation coefficients of wind-induced floor accelerometric signals
acquired on a scale model of a high-rise building, is discussed by examining their variability
from one time interval to another.

The entire wind tunnel data acquisition process was subdivided into fifteen 10 min
recording sessions.

The SVD was calculated for two wind angles, along and across wind, and for thirteen
wind velocities for all recording sessions. It was found that variability of the singular
value increases when the wind velocity increases and that there is a significant difference
between along and across wind values. Across wind variability is much smaller than along
wind. The same trend was noted for the eigenvectors. The probability density function
(CDF) of the eigenvectors for different velocities and at different levels was fitted through
numerical CDF. It was found that the GEV distribution gave the best fitting even if it was
not satisfactory according to the Kolmogorov–Smirnov test. The three-dimensional trend
of standard deviation as a function of building levels and wind velocities shows that the
variability of the eigenvectors assumes its maximum along wind value at the building top
and for the highest velocities.

Likewise, the correlation coefficient between the top and the other levels was calcu-
lated, and its variability for the fifteen 10 min recording sessions was investigated. It was
found that these values are closely affected by the randomness of the flow because it varies
significantly from one time interval to another. The correlation coefficient at the building
top between along and across wind measurements was calculated and was found to vary
slightly more for velocities in the range from 40 m/s to 80 m/s and for low levels.

The results discussed here show that uncertainty due to the randomness of wind
tunnel wind flow affects structural response during aeroelastic tests. The dependence
of results from the acquisition time length was confirmed and nonnegligible variability
was observed. In particular, it was observed that the variability of the eigenvectors under
wind increases with the wind velocity and distant from the ground along wind, whereas
this trend flattens across wind. This uncertainty should be taken into account during
experiments and output processing, examining the cumulative probability trends and
assuming a reliable level of confidence for the estimated crucial magnitudes, such as the
modal shapes, frequencies and damping ratio.
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