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Featured Application: A normalized across-wind fluctuating wind load spectrum model is
proposed, taking into account the effects of incoming turbulence, the side ratio, vortex shed-
ding, and separation reattachment flow-induced spectral bandwidth changes and high-fre-
quency fluctuations.

Abstract: The present work is devoted to the role of boundary layer turbulence on the spectral
characteristics of fluctuating wind loads on large aspect-ratio rectangular prisms. Seven rectangular
rigid models with different side ratios (1/4~4) were created, and simultaneous pressure experiments
were conducted under the boundary layer turbulence flows. Using the measured data, the power
spectrums of the fluctuating aerodynamic forces were calculated, and then, the spectral characteristics
under different turbulent boundary layer flows were analyzed. In contrast to the typical power
spectrum model, the main factors affecting the spectral characteristics of the fluctuating aerodynamic
loads are presented and discussed in this study. The power spectrum of the rectangular prism was
significantly impacted by the turbulent wind field, primarily because higher turbulence intensity
levels result in a lower spectral peak and a wider spectral bandwidth, which also redistributes spectral
energy. In particular, the effect on the spectral properties of across-wind fluctuating loads was stronger,
and the turbulent disturbance modified the lateral separation flow structure, causing the reattachment
phenomenon to occur earlier on rectangular prisms with small side ratios, which effectively altered
the spectral properties. Thus, a normalized across-wind fluctuating wind load spectrum model is
proposed, taking into account the effects of incoming turbulence, the side ratio, vortex shedding,
separation reattachment flow-induced spectral bandwidth changes, and high-frequency fluctuations.

Keywords: fluctuating aerodynamic forces; spectral characteristics; rectangular prism; wind
tunnel test

1. Introduction

In structural wind engineering, the precise calculation of wind loads acting on struc-
tures is a challenging and timely topic of significant interest [1–4]. The boundary layer
shear flow across the building surface produces significant three-dimensional flow effects,
which can be categorized into along-wind, across-wind, and torsional wind effects [5,6].
An in-depth understanding of fluctuating aerodynamic forces, and the acquisition of an
appropriate power spectrum model, are essential when conducting relevant studies so that
we may effectively forecast the wind-induced reaction caused by various wind effects [6–9].
However, the non-linear vertical gradient variation of the boundary layer’s turbulence
parameters causes spectral characteristics in fluctuating wind loads that are challenging
to describe using straightforward mathematical formulas [10–12]. This is because of the
complicated spatial distribution of the boundary layer’s turbulence parameters [13]. Wind
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loads are evolving into a design control element, and in-depth investigations of wind effects
are especially crucial given the current prevalence of ‘super tall’ building developments.
Therefore, thorough research using efficient research techniques is required to understand
the spectral characteristics of fluctuating aerodynamic forces on high-rise buildings with
large aspect ratios.

It is now generally accepted that along-wind fluctuating wind loads are generally
straightforward and mainly determined by the along-wind turbulence component [1,3,5,14].
Davenport [15] created and improved the calculation method for along-wind loads and
wind-induced responses, based on the quasi-constant theory and strip assumption; they
produced the influential gust factor method that served as the theoretical framework for
later studies. The gust load factor approach, or a variant of it, can be utilized to precisely
determine the wind-induced response and equivalent static wind load of a building based
on the Davenport wind vibration theory [16,17]. Overall, it can be argued that the spectrum
properties of along-wind fluctuating loads are mostly compatible with the along-wind
fluctuating velocity component, and studies in this area are generally well established.

As a ‘super tall’ building’s height increases, the across-wind loads and wind-induced
response frequently outweigh the along-wind direction, and they take control of the struc-
ture’s design [3,6,7,9,18–20]. The more complicated, across-wind loading, aerodynamic
mechanism is primarily affected by a confluence of vortex shedding, separation and reat-
tachment flow, incoming turbulence, and aeroelastic excitation [7–9,20,21]. The applied
aerodynamic forces caused by incoming turbulence and wake excitation, and the self-
excited forces caused by the structure’s air-bounce effect, comprise the two halves of the
across-wind load [3,6,7,11,18–22]. Currently, rigid model pressure measurements, base
high-frequency dynamic balance force testing, or fluid numerical computations are the
main methods used to examine the across-wind fluctuation pressure spectral proper-
ties [9,11,19,20,23]. The across-wind fluctuating load spectrum and the basal bending mo-
ment spectrum were obtained experimentally by Liang [6], Lin [19], Gu [10], and Quan [20].
They compared and analyzed the effects of wind field type, aspect ratio, and side ratio on
power spectrum characteristics in the across-wind and torsional directions. Based on these
findings, a number of closed formulas for the power spectrum were developed by fitting
the experimental data [3,7,9,16,24,25]. These formulas took into account variables such
as the turbulence intensity, turbulence integration scale, vortex shedding frequency, and
geometrical characteristic dimensions of the structure. The findings of the aforementioned
studies are extremely valuable from an engineering perspective, as they assist with the
precise estimation of across-wind loads and wind-induced reactions in high-rise structures.
However, it should not be forgotten that the majority of the available spectrum models
have some presumptions and prerequisites; this is because their application is limited by
an insufficient understanding of boundary layer turbulence, fluid-solid interactions, and
spectral features. Additionally, research is frequently conducted using wind tunnel testing,
field measurements, or random vibration theory due to the complexity of the torque wind
effect’s mechanism, although pertinent research findings are rarely reported [26,27].

There are still comparatively few in-depth studies on the mechanistic background of
the spectral properties and fluid–solid interactions of fluctuating aerodynamic forces that
are subjected to boundary layer turbulence, despite the fact that a great deal of work has
been conducted in order to obtain power spectrum models that may be applied to different
structural forms. Given that the rectangular cross-section is commonly used for high-rise
buildings [8,20,23,28–30], this study developed a group of prismatic building models with
side ratios of 1/4 to 4 for wind tunnel testing; this helped to expand our understanding
of the aerodynamic spectral characteristics of rectangular prisms. The synchronization
pressure measuring technique was used to measure the unsteady surface wind pressures
acting on rectangular models. We analyzed the impacts of entering turbulence, the side ratio,
vortex shedding, separation reattachment flow-induced spectral bandwidth variations, and
high-frequency fluctuations on the spectrum features of the fluctuating aerodynamic forces.
A normalized empirical formula for the across-wind fluctuating load power spectrum is
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suggested, based on the findings of the present study, followed by an examination of the
applicability of the conventional power spectrum models.

2. Experimental Setup

The experiments were conducted in a closed-circuit wind tunnel, with a test section of
22.5 m (width) × 4.5 m (height) × 36 m (length), as shown in Figure 1. The models were
designed to be rigid, and the height of all the models was 1.6 m. The narrow sides of all
models were of an identical width, at 100 mm, and the lengths of the other sides varied
between 100 mm, 200 mm, 300 mm, and 400 mm, respectively. Therefore, with the 4 models
positioned at wind directions of 0◦ and 90◦, one comprised rectangular prisms with seven
different side ratios in total (i.e., D/B = 1/4, 1/3, 1/2, 1, 2, 3, and 4). The models were
made of transparent Perspex with severed transverse ribs to increase its stiffness. A total of
336 pressure taps were installed on the square model, and 624 pressure taps were installed
on each rectangular model. The taps were uniformly distributed across 12 levels (Nos. 1#
to 12#), as illustrated in Figure 2.
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DSM3400 scanners with an acquisition accuracy of ±0.1% were installed inside each
model, and they were used to simultaneously monitor surface pressures [6,11,14,19,31].
Data length can be used to satisfy the needs of spectral characterization, with a data
sampling time of 120 s, and an acquisition frequency of 256 Hz. Direct pressure integration,
for each pressure tap and their integral lengths, was used to determine the aerodynamic
force of each layer.
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The boundary layer turbulence flows were simulated using the traditional passive
method, which involves arranging upstream spires and the surface roughness on the
wind tunnel floor. For comparison, all tests were performed on two types of atmospheric
boundary layer, named BL1 and BL2 flows, which represent the ground categories of open
country and urban terrain (GB 50009-2012, Architectural Industry Press of China [32]),
respectively. The measured mean wind velocity (Uz) and turbulence intensities (Iu) are
shown in Figure 3, where z0 is the reference height of the wind profile, z0 = 1.9 m; U0 is
the reference mean velocity; and zz is the test height. The reference height of the pressure
test was set at 3/4H of the model, that is, z = 1.2 m, and the corresponding wind speed was
approximately 9.6 m/s. The Reynolds number obtained from the test wind velocity and the
rectangular model feature size was approximately 1.15 × 105, and its effect was ignored.
The dimensionless power spectra of the turbulent fluctuation components in the along-
wind and across-wind directions are shown in Figure 4. It is evident that the simulated
boundary layer’s turbulent flows can be fitted well using von-Karman’s spectrum, and the
integral length scale may be calculated by fitting this spectral model in the range of 1.1~1.42,
which is basically consistent with the natural shear flows. The characteristic parameters of
two turbulence fields are shown in Table 1.
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Table 1. Statistical parameters of the turbulence field (z = 1.2 m).

Wind Field
Type

Integral Length Scale Turbulence Intensity

Lu (m) Lv (m) Lw (m) Iu (%) Iv (%) Iw (%)

BL1 1.216 0.376 0.301 12.8 10.7 8.4
BL2 1.027 0.324 0.232 27.1 22.1 18.3

3. Results and Discussion
3.1. Spectral Characteristics of Typical Pressure Taps

Following the measurement of the rectangular prisms’ surface wind pressure time
histories using the pressure measurement test, the Fast Fourier transform (FFT) method was
used to determine the power spectral density. The spectral analysis of the wind pressure
at typical pressure taps demonstrates the effects of the turbulence parameters, side ratio,
geometric feature size, and three-dimensional flow on fluctuating aerodynamic forces; this
aids in the investigation of energy production, transfer, and redistribution in various spatial
locations [2,3,6,9,11,19,20,30]. The power spectrum characteristics of typical pressure taps
with various side ratios are shown for rectangular prisms with a 9# layer at 3/4 height
(z = 1.2 m, Figure 2). Moreover, the dimensionless power spectrum of some pressure taps in
the square prism is given in Figure 5, where Spi( f , z) is the power spectrum density function
of the measurement points, σpi is the root mean square (RMS) value of the pulsating wind
pressure, and Uz is the average velocity.
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The pressure taps in Figure 5 may be located using the dimensionless coefficient
x/B, where x is the separation distance between each tap and the stationary point. The
power spectrum is primarily contorted via the incoming turbulence for the pressure taps
on the windward side (Figure 5a,b), which is essentially proportional to the spectrum of
the along-wind turbulence component [3,14,33]. The power spectrum exhibits a substantial
peak as the distance from the windward corner decreases (x/B = 0.43), demonstrating that
the action of vortex shedding steadily increases the variable nearby wind pressure.

The spectral characteristics of the fluctuating wind pressure on lateral sides are shown
in Figure 5c,d. The spectral distribution trend is basically the same, with an obvious spectral
peak near fs = 9.25 Hz, and a Strouhal number of approximately St = fsB/Uz ≈ 0.132,
indicating the presence of an obvious vortex shedding characteristic. At higher levels of
turbulence intensity (BL2), the peak of the spectrum decreases to approximately half of
what it was at the BL1 flow, but the spectral bandwidth increases significantly. This shows
that as the turbulence intensity increases, the energy at the peak frequency is redistributed
over a wider spectral bandwidth. Moreover, we discovered that the power spectrum varies
depending on where it is located on the lateral side. As one moves away from the separation
point, the low-frequency value of the spectrum sharply declines while the high-frequency
value steadily rises. This phenomenon can be explained by the presence of large-scale,
low-frequency vortices in the separated flow near the separation point; however, during the
process of flowing downstream ( x/B = 0.57→ 1.43) the large-scale vortices are strongly
disturbed by turbulence, broken up, and split into many smaller scale vortices of higher
frequencies. These are accompanied by energy dissipation and transfer [3,6,13,19,20,25,34].
This process is more prominent in flows with higher turbulence intensities (BL2); in other
words, they are flows with more extreme disruptions.

The variable wind pressure spectrum for the leeward pressure taps (Figure 5e,f) has a
spectral peak at vortex shedding frequency fs, suggesting that vortex shedding regulates
the leeward aerodynamic force [3,6–8,13,19,20,25,35]. It should be noted, however, that
the spectral peak lowers as the distance is reduced at the leeward side’s midpoint, and
the low-frequency value of the peak steadily rises. This suggests that when moving to the
middle of the leeward side, the wake vortex is continuously absorbing the low-frequency
fluctuation component energy, and the influence of the vortex shedding is gradually
waning. Additionally, the asymmetry of vortex shedding may be the reason why the
spectrum function towards the leeward side’s midpoint has a smaller peak at 2 fs, and why
the turbulence intensities remain close to 30% (Figure 5f).

As is evident from Figure 6, a similar technique was used to study the wind pressure
spectrum features of rectangular prisms with side ratios of D/B = 1/2 and 2. The spectrum
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properties of the fluctuating wind pressure are compatible with a square prism when the
wide side is upwind (D/B = 1/2), as illustrated in Figure 6a,c,e. This suggests that under
these operating conditions, the rectangular section’s fluctuating wind pressure production
and energy transfer mechanisms are similar to those of the square prism [3,8,14,28].
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Figure 6. Spectra of typical pressure taps with D/B = 2 and 1/2: (a) windward side, D/B = 1/2; (b) 
windward side, D/B = 2; (c) lateral side, D/B = 1/2; (d) lateral side, D/B = 2; (e) leeward side, D/B = 
1/2; (f) leeward side, D/B = 2. 

  

Figure 6. Spectra of typical pressure taps with D/B = 2 and 1/2: (a) windward side, D/B = 1/2;
(b) windward side, D/B = 2; (c) lateral side, D/B = 1/2; (d) lateral side, D/B = 2; (e) leeward side,
D/B = 1/2; (f) leeward side, D/B = 2.

As shown in Figure 6b,d,f, when the narrow side is facing the wind (D/B = 2), it is
possible for the separated shear flow to reattach under conditions of high-level turbulence
intensity, which would significantly alter the spectrum features. The turbulent flow dis-
turbance increases the separation shear flow’s coiling influence on the free mean fluid in
the return zone as the pressure tap moves away from the separation point. The fluctuating
wind pressure energy is transported from the peak frequency to a larger spectral bandwidth
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as a result of the interference between the turbulent components, separated and reattached
flows, various scale vortices, and the frequent energy exchange. The reattachment flow
may divide once more when the pressure taps near the tail of the lateral side exhibit the
spectral peak of the vortex shedding feature; despite this, the high-frequency value of the
fluctuating pressure spectrum in this area still increases. Overall, the interference of the
separated shear flow reattachment, and the entering turbulence, changes the fluctuating
pressure spectrum features, similarly to those under vortex shedding control.

Studies in this field have shown that the separated shear flow will reattach on the
lateral side, whereas the comparable side ratio in the uniform flow is approximately
D/B = 2.8 [19,30,35,36]. However, the incoming turbulent flow disturbances increase the
curvature of the separation shear layer, further compressing the size of the primary vortex in
the separation zone; this causes the reattachment phenomena to manifest earlier, at smaller
side ratios, such as D/B = 2 in the current study. The larger-scale vortices in the shear flow
are quickly broken into smaller-scale vortices as a result of the lateral sides’ stretching,
squeezing, and dragging effects on the vortices. This results in spectral characteristics that
differ from those controlled by vortex shedding. The intrinsic relationship between flow
phenomena like turbulence, separation, and reattachment flow, and vortex shedding and
aerodynamic forces, could not be visually investigated in this study due to the limitations
of the experimental conditions; instead, this was primarily hypothesized and summarized
through pressure measurement tests.

The flow around the regime and properties of the aerodynamic spectrum becomes
more complex as the magnitude of the lateral spreading continues to grow. In Figure 7,
the aerodynamic mechanism and energy transfer of the rectangular section with large side
ratios are first examined using the rectangular prism with D/B = 3 and 1/3 in the BL1
flow as an example. The spectral characteristics of the fluctuating wind pressure at the
windward pressure taps are basically the same as those of the other rectangular prisms
(Figure 7a), with the same fluid separation and vortex shedding at the windward corner,
which is accompanied by a reduction in the low-frequency value, and an increase in the
high-frequency value of the power spectrum.

Given the lateral side’s extensive spreading length, it is split into two pieces, starting
from a location close to the potential point of reattachment (x/B = 1.54) (see Figure 7b,c).
This portion is in the inner zone, before the separation flow is reattached (Figure 7b).
Moreover, separation bubbles present in this area are attached to the lateral side at the
inner zone’s midpoint, which is also the location of the lateral side’s highest negative wind
pressure (x/B = 0.82). Although the high-frequency value steadily rises, and the spectrum
peak at the vortex shedding frequency gradually reaches its maximum, the low-frequency
value of the power spectrum declines and reaches a minimum near the midpoint of the inner
area. It should be noted that the inner zone’s fluctuating pressure spectrum properties differ
dramatically from those of the apparent vortex shedding. These phenomena are particularly
prominent in high-level turbulence intensity flows (BL2), where incoming turbulence causes
the large-scale vortices in the separated flow to be squeezed and stretched, prompting the
energy to be redistributed to a wider spectral bandwidth. The spectral peak value drops
by approximately 75% when the side ratio is raised from 1 to 3, although less than 15%
of the energy of the fluctuating wind pressure is lost overall. The low-frequency values
of the spectrum begin to pick up again between the point that is halfway downstream of
the inner zone and the reattachment point, whereas the high-frequency values remained
mostly unchanged. In terms of energy change, the variable wind pressure spectrum in this
area has a rising energy that peaks nearby to the reattachment point (x/B = 1.54). This
finding shows that the high-frequency, small-scale vortices dissipate and are less affected
by it; rather, they are primarily controlled by the larger-scale, low-frequency vortices, due
to the increase in the curvature of the separated shear layer and the continuous absorption
of energy from turbulent fluctuations [3,6,7,9,11,18–20].
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The low-frequency values of the spectrum degrade quickly in the region downstream
of the reattachment point (Figure 7c), whereas the high-frequency variations gradually
rise. These phenomena are clear examples of separation shear flow reattachment, wherein
energy is transferred from low-frequency to high-frequency wind pressure fluctuations.
The spectral peak of the fluctuating wind pressure sharply rises as it approaches the corner
point of the tail ( x/B = 3.16→ 3.43), suggesting that the reattachment fluid may become
separated once more. According to Figure 7d, the results for the pressure taps on the
leeward side are mostly influenced by the development of distinctive turbulence, caused
by secondary separation; this is comparable to the spectrum features for D/B = 2.

By summarizing the characteristics of fluctuating wind pressure spectra, the flow-solid
interaction and aerodynamic mechanism of rectangular prisms with varying side ratios,
under boundary layer turbulence, are explored. The three-dimensional flow condition
surrounding the bluff body, particularly the vortex shedding and separated reattachment
flow occurring on the lateral side, is already complex, and an accurate explanation of
the condition is made more challenging due to the perturbation caused by the boundary
layer turbulence [2,3,6,8,9,13,19,23,33]. Although the mechanism and energy changes of
aerodynamic forces can be visually reflected by the power spectrum analysis of fluctuat-
ing wind pressure, many subtleties of flow phenomena cannot be reflected, and a more
in-depth quantitative investigation may be conducted in the future using PIV or CFD
methods [23,25,28,29,36].

3.2. Spectral Characteristics of Fluctuating Aerodynamic Forces

The fluctuating aerodynamic forces in three directions (along-wind fluctuating load,
across-wind fluctuating load, and torque) are obtained using a direct integration method.
Fluctuating wind pressure and the corresponding integration length provide the straightfor-
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ward aerodynamic shape of the rectangular prism. The pressure tap layers at the model’s
bottom (1#), 2/3H (8#), and upper half (11#) were selected to provide the power spectrum
functions of the fluctuation aerodynamics of rectangular prisms under various boundary
layer turbulence conditions. The along-wind fluctuation load, the across-wind load, and
the torque dimensionless power spectra for the rectangular prism with D/B = 1/3, are
shown in Figures 8 and 9. In these figures, SD( f , z), SL( f , z), and ST( f , z) represent the
three component fluctuation aerodynamic spectra; σD, σL, and σT are the root mean square;
VH is the average velocity at the top of the model.
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There is substantial consistency in terms of the fluctuating aerodynamic spectrum
of rectangular prisms when the width of the windward side is greater than the down-
stream spreading length (D/B < 1). According to Figures 8a and 9a, the along-wind
turbulent component primarily affects the along-wind fluctuating wind load, which is
more severely affected in the low frequency range. The across-wind fluctuating wind
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load and torque are largely defined by vortex shedding, and the spectrum contains
spectral peaks that are comparable to the characteristics of the fluctuating wind pres-
sure spectrum [2–4,9,13,14,19,25,28,33]. The power spectrum is primarily affected by the
weakening of the low frequency area. The high-frequency fluctuations are augmented
as the wind field turbulence intensity increases, and the energy is distributed over a
larger spectral bandwidth. The experimental results further demonstrate the impact of
end effects on fluctuating wind loads, with reduced power spectrum values, at roughly
0.12 Hz. The fact that these phenomena are more noticeable in the BL1 suggests that the
alteration of turbulence characteristics interferes with vortex shedding and top flow in a
significant manner.

The fluctuating aerodynamic spectra of the square prism are closer to those of the
rectangular prism as they have a small side ratio (D/B < 1), as shown in Figure 10. It should
be observed, nonetheless, that the torque also has a smaller spectral peak at 2 fs, and it is
more substantial near the top of the model in BL2. In addition, it also has a significant
spectral peak at the vortex shedding frequency, as shown in Figure 10c. This may be
occur due to the occasional reattachment of the separated flow that is already present
and facilitated by the end effect; however, this study did not adequately document these
flow specifics.
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The power spectra at D/B = 4 are shown in Figures 11 and 12, and as the side ratio
of the rectangular prism grows (that is, as the downstream spread exceeds the windward
width), its fluctuating aerodynamic spectra exhibit distinct characteristics.

The results given in the preceding section indicate that for rectangular prisms with
large side ratios (D/B ≥ 2), there are notable changes in the fluctuating wind pressure
spectra, primarily on the lateral and leeward sides. The spectral properties of the torque and
across-wind fluctuating wind load are mainly impacted by the aforementioned variances.
When the side ratio D/B hits 2, the separated shear flow reattaches to the lateral sides under
the effects of turbulent flow, resulting in a reduced spectral peak and an increase in the
spectral bandwidth. However, with various turbulent entering flows, there are differences
in variation tendencies. Although the fixed value of BL2 is reached earlier, at D/B = 2,
for BL1, the bandwidth of the across-wind fluctuating wind load and torque spectrum is
essentially fixed until D/B reaches 3. This finding suggests that one of the key elements
contributing to the separated shear flow’s early reattachment is the increased turbulence
intensity of the wind field [6–9,16,18–21,24,25]. Additionally, when the separated flow
reattachment takes place on the lateral side, the across-wind fluctuating wind load spectra
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display a lower spectral peak that is close to the approximate frequency of 0.2. This spectral
peak could be the result of a subsequent shedding of the reattached separating shear layer
at the back of the lateral side, which would produce the signature wake turbulence. When
the turbulence intensity rises, the across-wind fluctuating wind load spectrum’s bandwidth
expands noticeably, and the value of the second peak falls. This demonstrates that the
disturbance effect of the higher turbulence intensity is enhanced, and different kinds of
small-scale vortices continuously dissipate as they move downstream. The across-wind
fluctuating wind load spectra in the vertical direction are more similar at low frequencies,
but the second spectral peak (towards the top) is higher because of the presence of a
non-negligible end effect.
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In general, the power spectrum parameters for the torque of rectangular prisms are
more akin to those of across-wind fluctuating wind loads. Torque-related studies are still
comparatively scarce and still not fully understood because of the complicated aerodynamic
mechanism underlying torque.
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In this section, the fluctuating aerodynamic forces and spectrum characteristics of
rectangular prisms are analyzed based on experimental results, and the role of influencing
factors such as turbulence parameters, side ratios, end effects, and various flow phenomena
are discussed. Overall, the along-wind fluctuating wind load of the rectangular prism
is mainly controlled by incoming turbulence, and its power spectrum is proportional
to the along-wind fluctuating velocity spectrum. The aerodynamic mechanisms of the
across-wind fluctuating load and torque are more complex, and the turbulent boundary
layer flow, side ratio, vortex shedding, separation and reattachment flow, and end effects
all have important effects on these mechanisms. However, it is not yet possible to fully
understand how large-scale turbulence interferes with the separation flow, the change in
the size of the separation bubble, the location of the reattachment point and secondary
separation point, and how the vortices move on different scales, among other phenomena.
At the same time, due to the limitations of the experimental methodology employed, this
study has not yet been able to fully reveal the specific roles of the influencing factors,
and the cross-correlations between the factors and their combined effects could not be
explored in depth. The across-wind aerodynamic spectral properties and their influencing
factors can be further investigated by utilizing more effective research tools, such as CFD or
PIV methods.

3.3. Normalized Across-Wind Fluctuating Load Spectrum Model

As one of the primary tasks of wind-induced structural response computation, se-
lecting an appropriate and accurate spectrum model for fluctuating wind load is needed
to accurately assess various wind effects. Based on the quasi-definite theory and strip
assumption, the generalized aerodynamic spectrum for the fluctuating along-wind load
is generated by converting the along-wind turbulence component. However, the spec-
tral properties of the fluctuating across-wind load and torque are more complex, and the
quasi-definite theory is thus no longer applicable. Therefore, various empirical models are
created by fitting the experimentally observed spectrum.

Previous analyses have found that although a number of factors can affect the fluc-
tuating across-wind load spectrum, its relationship with the side ratio of the rectangular
prism from the flow around state is particularly strong. The fluctuating wind load spec-
trum is a narrow-band phenomenon with a spectral peak, and it is primarily governed
by vortex shedding at small side ratios (D/B < 2). When the side ratio is sufficiently large
(D/B ≥ 2), the separated shear flow reattachment causes the aerodynamic force spectral
energy to be redistributed to a wider bandwidth, leading to a broadband process with a
petite spectral peak in the fluctuating wind load spectrum. Based on this feature concerning
the fluctuating across-wind load spectral function, and with reference to existing spectral
models [3,6–9,16,18–22,24,25,37,38], this study provides an empirical formula based on the
side ratio of rectangular prisms. These expressions are as follows:

f SL( f )
σ2

L
=

N

∑
i=1

βi · ( f / fsi)
2

[1− (( f / fsi)
2)]

2
+ 4β2

i · ( f / fsi)
2
+ η · exp

{
−[α1 − α2 · ( f / fsi)

2]
}

(1)

where, N is the parameter related to the side ratio when D/B < 2, N = 1 and when D/B ≥ 2,
N = 2; βi is the spectral bandwidth correction factor; η is the spectral peak adjustment
factor; fsi is the vortex shedding frequency; α1 and α2 are the low-band and high-band
fluctuation correction parameters, respectively. The nonlinear least squares method was
used to fit the experimental data to obtain the determined parameters, as follows:

β1 = −0.13 · (D
/

B )
3
+ 0.927 · (D

/
B )

2
− 1.707 · D

/
B + 1.051 (2)

β2 = 0.383 · D
/

B − 0.05 (3)
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fs1 = 1.488 · (D
/

B )
3
− 10.581 · (D

/
B )

2
+ 18.996 · D

/
B − 0.257 (4)

fs2 = −1.395 · D
/

B + 9.142 (5)

η = −0.063 · (D
/

B )
3
+ 0.555 · (D

/
B )

2
− 1.52 · D

/
B + 1.146 (6)

α1 = −0.685 · (D
/

B )
3
+ 5.706 · (D

/
B )

2
+ 13.808 · D

/
B + 9.812 (7)

α2 = −1.051 · (D
/

B )
3
+ 8.61 · (D

/
B )

2
− 21.222 · D

/
B + 14.783 (8)

According to the aforementioned empirical model, the results of the measured spectral
functions are displayed in Figure 13. They demonstrate that the fit is good and can
generally explain the spectrum characteristics of various side ratios. It is evident that the
fitting accuracy is high because the proposed empirical formula considers the effects of
the flow-induced high-frequency fluctuations and spectral bandwidth changes caused by
the incoming turbulence, side ratio, vortex shedding, and separation reattachment. As
illustrated in Figure 14 (the formulas used are presented in Appendix A), a comparison
between the proposed formula and the existing common empirical models is made to
further demonstrate the applicability of the formula.
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By comparing the theoretical formulations offered by AIJ [24] (Equation (A1)) and
Liang [6] (Equations (A6) and (A12)), it is further shown that their models are valid and that
they adequately explain the fundamental properties of the spectrum. However, there are
still limitations in terms of defining the specifics of the recorded fluctuating aerodynamic
force spectrum; this is because of the associated application range and criteria for the afore-
mentioned models. One of the most popular models is the empirical formula provided by
AIJ, which has excellent expression accuracy when small side ratios (D/B < 3) are used, but
it produces high estimations of spectral peaks and high band values when bigger side ratios
(D/B≥ 3) are used. Although Liang’s empirical formula for characterizing spectral features
is based on variations in the side ratio, there are still some discrepancies in terms of how it
describes the high-frequency band and the second spectral peak. After summarizing these
methods, it is clear that the existing models lack a sufficient understanding of the impact of
large-scale boundary layer turbulence on the complex flow surrounding rectangular prisms
and their spectral characteristics; this makes it impossible to describe the spectral peaks,
spectral bandwidth, and energy variations. The fluctuating aerodynamic force spectra of
rectangular prisms, with different side ratios, were the subject of this experimental study,
which contributed to a deeper understanding of the flow phenomena and aerodynamic
mechanisms surrounding these prisms. A wide range of applications are possible for the
proposed empirical formula, which may be enhanced and validated in subsequent studies.
Furthermore, it should be noted that the empirical model proposed in this study was only
obtained based on the pressure tests of seven rigid models, and thus, its applicability needs
to be further verified.

4. Conclusions

In this study, seven prismatic building models, with different side ratios, were tested
in a wind tunnel. The spectra of the aerodynamic force fluctuations were obtained and
compared with existing empirical models. Regarding the aerodynamic load spectrum
features, the effects of the turbulence intensity, vortex shedding, side ratio, and separation
and reattachment flows were explored. The following conclusions can be drawn:

(1) The reattachment characteristic may already be observed for D/B = 2 when the
turbulence fluctuation level is significant, indicating that a turbulent disturbance will
cause the reattachment phenomena to occur earlier, at a smaller side ratio.

(2) The separated shear flow reattachment causes the aerodynamic force spectral energy
to be redistributed over a wider bandwidth, which results in a broadband process
with a reduced spectral peak when the side ratio is reasonably large (D/B ≥ 2).

(3) It is suggested that a more realistic normalized spectral model for the across-wind
fluctuating load is used; this model should take into account incoming turbulence,
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side ratios, spectral bandwidth changes (caused by vortex shedding and separated
reattachment flows), and high-frequency fluctuations, among other factors.
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Appendix A

The more widely used across-wind aerodynamic spectrum model for rectangular high-
rise buildings is the empirical formula based on Japanese design recommendations [24],
which is expressed as follows:

f SL( f )
σ2

L
=

N

∑
i=1

2kiβi · (1 + 0.6βi)

π
× ( f / fsi)

2

[1− ( f / fsi)
2]

2
+ 4β2

i · ( f / fsi)
2

, (A1)

where N = 1 when D/B < 3, and N = 2 when D/B ≥ 3; k1 = 0.85, k2 = 0.02.
The vortex shedding frequency fsi is related to the side ratio, and its expression is

as follows:
fs1 =

0.12

[1 + 0.38 · (D/B)2]
0.89 , (A2)

fs2 =
0.56

(D/B)0.85 , (A3)

where βi is the coefficient related to the spectral bandwidth, which can be calculated using
the following equation:

β1 =
(D/B)4

1.2(D/B)4 − 1.7(D/B)2 + 21
+

0.12
D/B

, (A4)

β2 = 0.28 · (D/B)−0.34. (A5)

An improved spectrum model was provided by Liang [6], which fitted the experimen-
tal data, and it was represented in terms of side ratio segmentation. When 1/4 ≤ D/B < 3,
the equation is as follows:

f SL( f )
σ2

L
= A · H(C1) f

2

(1− f
2
) + C1 f

2 + (1− A)
C1/2

2 f
3

1.56 · [(1− f
2
)

2
+ C2 f

2
]
, (A6)
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where the parameters can be calculated using the following equations:

H(C1) = 0.179C1 + 0.65
√

C1, (A7)

C1 = [0.47(D/B)2.8 − 0.52(D/B)1.4 + 0.24]/(H/
√

S), (A8)

C2 = 2. (A9)

and when 1/4 ≤ D/B < 1/2,

A = (H/
√

S) · [−0.6(D/B)2 + 0.29(D/B)− 0.06] + [9.84(D/B)2 − 5.86(D/B) + 1.25], (A10)

when 1/2 ≤ D/B < 3

A = (H/
√

S) · [−0.118(D/B)2 + 0.358(D/B)− 0.214] + [0.066(D/B)2 − 0.26(D/B) + 0.894], (A11)

in which, f = f / fs.
When 1/4 ≤ D/B < 3, the equation is as follows:

f SL( f )
σ2

L
= A · 1.275 · f

2

(1− f
2
) + C1 f

2 + (1− A)
C1/2

2 ( f /k)
3

1.56 · [(1− ( f /k)
2
)

2
+ C2( f /k)

2
]
, (A12)

where the parameters can be calculated using the following equations:

k = −0.175 · (H/
√

S) + 4.7 4 ≤ H/
√

S ≤ 8, (A13)

C1 = 2, (A14)

C2 = 2/k, (A15)

A = aIb
u, (A16)

a = 0.17 · (H/
√

S) + 3.32, (A17)

b = 0.18 · (D/B) + 0.26. (A18)
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