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Abstract

This study experimentally investigates the aerodynamic mechanisms and dynamic re-
sponses of slender high-rise buildings subjected to oblique-downstream interference effects.
Using a simulated open-terrain atmospheric boundary layer, a square prismatic princi-
pal building (aspect ratio 8.0) was evaluated alongside an identical interfering building.
High-frequency force balance and aeroelastic vibration tests were conducted across four
Scruton numbers (S¢). Aerodynamic damping was quantified using the random decre-
ment technique and a trial-and-error approximation. Results show pronounced resonant
amplification under strict conditions. Specifically, at a low S, (1.12), a reduced velocity
(U,) of 5.5, and an interference location of (x/B,y/B) = (—1.5, 1.5), the principal building
exhibits an inclined elliptical trajectory, driven by a negative aerodynamic damping effect
of approximately —2%. Higher S, values attenuate displacement, but rooftop acceleration
amplifications persist, reaching an interference factor of 2.0. Ultimately, the synchronized
rhythmic channeling required to excite the principal building necessitates a minimum wake
width from the interfering structure (breadth-to-depth ratio > 0.5), highlighting critical
aeroelastic instabilities in dense high-rise clusters.

Keywords: oblique-downstream interference; Scruton number; aerodynamic damping;
displacement trajectory; rhythmic resonant response

1. Introduction

The rapid trajectory of global urbanization has fostered a structural landscape char-
acterized by high-density clusters of slender, high-rise buildings. In these complex ur-
ban topographies, structures are no longer isolated aerodynamic entities; instead, their
wind-induced load characteristics and dynamic responses are profoundly dictated by the
presence of neighboring buildings, a phenomenon scientifically defined as the interference
effect [1,2]. Unlike isolated buildings, for which aerodynamic behavior is relatively well
codified, the interference mechanism involves myriad fluid—structure interactions that
defy simple categorization. Consequently, the investigation of these effects has remained a
sustained research topic in wind engineering for years, necessitating a multi-dimensional
synthesis of experimental, computational, and statistical methodologies to ensure both
structural integrity and occupant comfort [3-7]. Historically, the research community
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has addressed these complexities through a triad of methodologies: rigid model tests
employing high-frequency force balancers (HFFBs) for load quantification, pivot-based
aeroelastic models for dynamic vibration sensing, and computational fluid dynamics (CFD)
for high-resolution flow visualization [8,9]. Foundational investigations established that the
interference mechanism depends on numerous interdependent parameters, including the
characteristics of the approaching turbulent boundary layer, wind directionality, and the
relative spatial coordinates between adjacent buildings [1,10]. Furthermore, the dynamic
sensitivity of a building—governed by geometric aspect ratios, modal frequencies, and
dimensionless parameters such as the Strouhal and Scruton numbers—plays a decisive role
in the resulting structural response [11,12]. Methodological advancements have led to the
integration of artificial neural networks (ANNs) and database-driven prediction systems to
synthesize experimental data, enabling the estimation of interference factors across varying
aspect ratios and cross-sectional geometries under diverse turbulent exposures [13,14].

The classical understanding of interference effects distinguishes between upwind
(upstream) and downwind (downstream) interactions. Upstream interference, where a
principal building is immersed in the wake of an adjacent structure, has been extensively
documented. Researchers have identified that the upstream building can either provide
a shielding benefit, reducing the mean wind load, or trigger buffeting through wake-
induced turbulence [1,7,15]. Seminal studies utilizing HFFB and pressure scanning have
quantified these interactions through “interference factors” (IFs), which delineate the
relative change in wind load compared to isolated configurations [16,17]. For instance,
when an upstream building possesses a larger wind-exposed area, the resulting shielding
is significant; however, staggered arrangements can trigger intense channeling, leading
to a marked increase in local peak pressures and overall dynamic loads [18,19]. Despite
the wealth of literature on upstream effects, the aerodynamic complexities inherent in
the downstream and side regions have only more recently gained significant academic
attention [1,20].

A critical dimension of interference research concerns the aeroelastic behavior of
slender structures, particularly those characterized by low Scruton numbers (S.r), where
structural damping is minimal. The physics of across-wind vibration in bluff bodies is dom-
inated by vortex-induced vibrations (VIVs) and the resonant lock-in phenomenon [21,22].
As structural damping decreases and wind velocity approaches a critical threshold, the
synchronization between vortex shedding and structural frequency induces dramatic
across-wind displacements [23]. The presence of a neighbor fundamentally alters these
wake patterns; for example, the rhythmic narrowing and widening of the flow passage
between two structures can initiate “rhythmic channeling,” leading to resonant-like ampli-
fications of the dynamic response [12,24]. In such scenarios, the interference is not merely
a one-way wake effect but a two-way coupling that can lead to aeroelastic instabilities
difficult to detect through rigid-model testing alone [8,25].

Central to these aeroelastic instabilities is the modulation of aerodynamic damping.
For isolated prisms, across-wind aerodynamic damping is highly amplitude-dependent and
varies significantly with reduced wind velocity [5,6,26,27]. Within an interfered flow field,
the existence of an interfering model can either suppress or exacerbate this damping effect.
Scientific evaluations have demonstrated that for super-tall buildings, the aerodynamic
damping ratio can become negative under specific reduced velocities, leading to large-
amplitude oscillations [28,29]. This sensitivity is intrinsically linked to structural geometric
modifications; for instance, tapered or twisted building shapes have been shown to modify
vortex-shedding frequencies along the height, thereby disrupting the organization of
the wake structure even when immersed in interfered flow [30,31]. These aerodynamic
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modifications represent an efficient strategy for wind force reduction, effectively mitigating
the adverse effects of wake-induced vibrations through passive flow control [32].

Specific investigations into downstream and oblique-downstream interference have
elucidated unique motion archetypes, most notably the “elliptical resonant vibration” [1,33].
This behavior manifests when an interfering building is strategically located in specific
regions, creating a synchronized vortex movement within the channel between the struc-
tures [34]. This interaction can lead to two distinct trajectories: an “inclined hollow elliptical
motion” resulting from simultaneous two-directional resonance due to oblique-downstream
interference, and a “standing elliptical motion” driven predominantly by across-wind res-
onance coupled with along-wind buffeting [1,35] due to downstream interference. The
emergence of these shapes is fundamentally tied to the spectral characteristics of the wind
force, particularly in oblique-downstream interference, where the along-wind and across-
wind force spectra both exhibit pronounced vortex-induced peaks at the same frequency,
thereby leading to a highly correlated resonance [36]. Experimental data indicate that the
Scruton number exerts only a minor influence on downstream interactions compared to
its role in upstream wake-induced vibrations, suggesting that velocity-dependent flow
synchronization is the primary driver [33].

Beyond structural loads, the statistical distribution of wind pressures under inter-
ference conditions necessitates a departure from conventional assumptions. While the
Gumbel distribution (Type I extreme value distribution) is the standard default in wind
engineering, interfered flow fields frequently generate non-Gumbel extremes with distinct
tail characteristics [37]. The presence of neighboring structures alters the fluctuation levels
and shape parameters of extreme-value distributions, particularly near the leading edges,
where momentum is enhanced by oblique-upwind buildings [38,39]. Accurate determi-
nation of design wind pressures thus requires a Generalized Extreme Value Distribution
(GEVD) framework to reflect the physical limits imposed by complex building interac-
tions [40]. Furthermore, modern standards are increasingly shifting focus from structural
safety toward habitability and occupant comfort, as lateral acceleration under interference
can exceed serviceability thresholds even at low return periods [41,42].

In conclusion, the evolution of wind engineering research reflects a transition from
isolated structural analysis to the systemic evaluation of high-rise clusters. While the
shielding and buffeting effects of upstream interference are well-characterized, the nu-
anced complexities of downstream and oblique-downstream interactions—characterized
by resonant elliptical motions and motion-dependent damping—require continued rig-
orous investigation [1,43]. The integration of advanced aeroelastic vibration tests with
high-resolution numerical simulations provides the most robust pathway for characterizing
these intricate fluid—structure interactions [8,44]. As buildings continue to trend toward
greater slenderness and more atypical geometries, accounting for these synergistic inter-
ference effects in the early design phase remains paramount for ensuring the long-term
resilience and habitability of the urban built environment [45].

In the authors’ prior publication [33], the elliptical resonant vibration of the principal
building caused by the oblique-downstream interfering building was examined using a
series of force-measurement tests. The decisive condition for such a motion was indicated
to be the spectrum shape of the along-wind force—a necessary and relatively large vortex-
induced spectral peak, as in the across-wind force spectrum. Further, the square cross-
sectional shape for the principal and the interfering buildings was found to be the only
combination arrangement for the occurrence of the elliptical resonant vibration, according
to the force-measurement tests based on four different cross-sectional shapes (circular,
square, and two rectangular ones with the breadth ratios of 0.5 and 2.0) for the principal
and interfering buildings. Although the elliptical resonant vibration motion was explained
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preliminarily through force-measurement tests [33], the range of interference locations
examined and the variation in cross-sectional shapes were limited, and some essential
factors, such as reduced velocity and Scruton number, were not examined in detail.

This study aims to further investigate the mechanisms of oblique-downstream interfer-
ence effects in high-rise building clusters. Within a meticulously simulated turbulent atmo-
spheric boundary layer, a square prismatic model with an aspect ratio of 8.0 is employed
as the principal building for observation. To account for varying dynamic sensitivities,
the model’s mass and damping properties are systematically modulated to represent four
distinct Scruton numbers. An interfering building model, maintaining the same aspect
ratio of 8.0 and identical cross-sectional geometry, is strategically positioned in the oblique-
downstream region of the principal building. By varying the approaching wind speed, this
study examines how different reduced velocities affect the displacement and acceleration
responses of the principal building. Furthermore, the variations in negative aerodynamic
damping induced by oblique-downstream interference are quantified, culminating in the
development of an aerodynamic damping model tailored to high-rise buildings subjected to
complex interference scenarios. Here is the arrangement of this article: Section 2 introduces
the experimental settings for the wind tunnel tests in this study; Section 3 explains the
related theoretical methodologies and presents experimental results and discussions; and
Section 4 summarizes the highlights of this study.

2. Experimental Settings
2.1. Simulated Atmospheric Boundary Layer Flow

The experimental investigations were conducted in the No. 1 Atmospheric Boundary
Layer Wind Tunnel at the Wind Engineering Research Center of Tamkang University. This
facility is an open-circuit suction-type wind tunnel featuring a test section measuring 15 m
in length, 2.2 m in width, and 1.8 m in height, as shown in Figure 1. Propulsion is provided
by a centrifugal turbine fan driven by a 250 hp DC stepless variable-speed motor, enabling
precise wind-speed regulation from 1 m/s to 28 m/s by adjusting the fan’s rotational
speed (RPM). To ensure superior flow quality, the inlet section is designed with a 3.6:1
contraction ratio and is equipped with a single layer of honeycomb followed by three
layers of conditioning screens, effectively maintaining the free-stream turbulence intensity
between 0.5% and 1.0%.

Figure 1. Atmospheric boundary layer wind tunnel at Tamkang University.

The simulated atmospheric boundary layer flow adopted in this study represents an
open-terrain condition following a power-law profile with an exponent of 0.15. To achieve
high-fidelity flow simulation, a combination of roughness elements, barriers, and triangular
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spires was strategically arranged in the upstream section of the wind tunnel to develop the
target turbulent boundary layer at the downstream test location. Verification of the flow
characteristics was conducted using a four-hole pressure probe (Cobra Probe) to record
wind-speed time histories across the vertical profile. This instrumentation is capable of
resolving the mean and fluctuating components of the longitudinal (u), lateral (v), and
vertical (w) velocity vectors within an acceptance cone of +45° and an angular accuracy
of £1°. Given its measurement range of 2 m/s to 100 m/s and a velocity precision of
approximately 0.3 m/s, the probe provides sufficient accuracy for validating the quality of
the simulated flow field.

During the measurements, wind-speed time histories were recorded using the Cobra
Probe at a sampling frequency of 1000 Hz for 120 s, yielding 120,000 data points per sample
function. The vertical profile was characterized by measuring wind speed at 32 heights,
ranging from 3 cm above the floor to 75 cm, corresponding to the scaled atmospheric
boundary layer height in the wind tunnel. Figure 2 illustrates the simulated mean wind
speed profile (left) and the turbulence intensity profile (right) for the target open-terrain
condition. In this figure, the circular symbols represent the experimental measurements,
while the solid black lines denote the theoretical profiles corresponding to a power-law
exponent of 0.15 as specified by the AIJ 2015 recommendations. Furthermore, a horizontal
dashed line is provided at 56 cm to indicate the building model’s relative scale within the
flow. Figure 3 compares the fluctuating wind-speed spectrum at the model height with the
von Karman empirical formula. The high degree of correlation between the experimental
and empirical spectra demonstrates that the simulated turbulent boundary layer provides
a valid aerodynamic environment for the subsequent investigation of interference effects.
To ensure the simulated flow is undistorted by the building models installed in the wind
tunnel, the largest blockage ratio in this study is approximately 3.2%, comprising 0.99% for
the principal building model and 2.21% for the interfering building model with the largest
projected area oriented parallel to the incoming wind. This blockage ratio is considered
within acceptable limits under most international standards and regulations.
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Figure 2. Vertical profiles of simulated oncoming flows ((left): mean wind-speed profile; (right): tur-
bulence intensity profile).
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Figure 3. Fluctuating wind-speed spectrum at the model height with the empirical von Karman
spectrum model.

2.2. Aeroelastic Test Arrangement for Vibration Measurements

The principal building model utilized in this study is a square prism featuring an
aspect ratio of 8.0 (H/+/DB = 8), constructed with balsa wood cladding and an H-shaped
aluminum alloy skeleton to maintain low mass and high stiffness. Designed at a geometric
scale of 1/400, the model has a width (B) of 70 mm and a height (H) of 560 mm, with a
square cross-section characterized by a depth-to-breadth ratio (D /B) of 1.0. Conventionally,
the aspect ratio is defined by H/ B, which is the same value as the definition of H/+/DB in
the square cross-sectional shape in this study. Nevertheless, considering the variation in the
breadth ratio across the rectangular cross-sections of the interfering buildings in this study;,
and to avoid degrading the quality of the incoming flow due to large volume occupancy
in the interfering area, all interfering building models are manufactured to have the same
volume as the principal one. Such a generalization helps simplify subsequent discussions
of the relevant interference-effect mechanism.

To facilitate dynamic investigations, the model mass is adjustable at the model’s
top level, while the base is connected to a two-directional gimbal assembly, forming a
horizontal rotating pivot system. The structural stiffness in both horizontal directions is
regulated by adjustable springs situated beneath the two-dimensional gimbal. Furthermore,
system damping is controlled via a paddle-type mechanism integrated at the base of the
assembly and immersed in a damping reservoir, where the viscous damping ratio is
precisely modulated by varying the viscosity of the damping fluid. Figure 4 shows the
scheme of the aeroelastic mechanism with the principal building model.

In practical engineering applications, the Scruton number (S.;) serves as a pivotal
metric for evaluating the wind-resistant performance of slender structures, such as high-
rise buildings, bridges, and chimneys. A higher Scruton number indicates a superior
capacity for energy dissipation, effectively mitigating vortex-induced vibrations (VIVs).
Conversely, a lower value implies heightened sensitivity to wind-induced oscillations and
susceptibility to resonance, which may compromise both structural safety and occupant
comfort. Furthermore, the Scruton number is fundamental in wind tunnel testing and
numerical modeling to ensure dynamic similitude between the scaled model and the
full-scale prototype. By precisely calibrating the mass and damping parameters, the
structure’s real-world dynamic behavior under wind excitation can be faithfully replicated,
providing a scientific foundation for wind-resistant design. Consequently, engineers utilize
S¢r assessments to develop vibration mitigation strategies, such as integrating supplemental
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dampers or modifying the cross-sectional geometry, to attenuate vibration amplitudes and
enhance overall structural performance.
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Figure 4. Aeroelastic mechanism with the principal building model. (Left): the schematic plot; (right):

the photo of the aeroelastic mechanism.

The Scruton number is a fundamental dimensionless parameter and is generally

defined as
2mé

Scr:pﬁ

M

In the above definition, m denotes the system mass, ¢ represents the structural damp-
ing ratio, p is the air density, and D signifies the characteristic dimension of the system.
This formulation underscores that elevated mass and damping properties enhance the
structural resistance to wind-induced oscillations; specifically, an increase in the Scruton
number effectively attenuates the vibration amplitudes associated with periodic vortex
shedding. Following the installation of the building model, four distinct Scruton numbers
were obtained by systematically adjusting the top-level mass and the damping fluid’s
viscosity. In the authors’ prior publication [11], two low Scruton numbers, 1.6 and 4.0, were
chosen for the aeroelastic tests and compared with the test based on a similar level of low
Scruton number in Bailey and Kwok [1]. In [11], the results for S.; = 4.0 do not show a
clear elliptical resonant vibration. To investigate the mechanism of the special interference
phenomenon from the oblique-downstream interfering building, this study chose a rela-
tively low Scruton number of 1.12 as the lower observation limit. The upper observation
limit was set to 11.43 because the Scruton numbers for real-world high-rise buildings with
reasonable weights and damping ratios are in the range of 10-20. Between these two limits,
the authors set two intermediate values, 2.24 and 7.62, for better observations. To verify
these parameters, the fundamental natural frequencies and damping ratios were identified
through free-vibration tests that captured displacement signals at the model height in both
orthogonal horizontal directions. These measurements were conducted using Keyence laser
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displacement sensors at a sampling frequency of 600 Hz for a 10 s duration. The stability of
the identified dynamic properties was ensured by conducting 20 free-vibration trials in each
direction and processing the signals using the random decrement technique. Furthermore,
to validate the identification accuracy, a miniature PCB accelerometer weighing only 2 g
was mounted at the model tip to record concurrent acceleration time histories. These
signals were analyzed using the Eigensystem Realization Algorithm (ERA), confirming
that the identification results from both displacement and acceleration data remained con-
sistent. The specific parameter combinations for the four Scruton numbers utilized in the
subsequent aeroelastic vibration measurements are summarized in Table 1.

Table 1. Dynamic parameters of the principal building model for aeroelastic tests.

Parameter
Fundamental Frequency (Hz) 13 13 13 13
Damping Ratio (1) 1.0% 1.0% 3.4% 5.1%
Model Density (pyp, kg/m?) 135 266 266 266
Generalized Mass (kg) 0.13 0.25 0.25 0.25
Scruton Number (S¢;) 1.12 2.24 7.62 11.43

As in the authors’ prior work [11], the amplitude-dependent inherent damping ratios
were examined through a series of free-vibration tests with different initial amplitudes to
identify the model’s inherent damping ratio. In Figure 5, the amplitude-dependent feature
of the model’s inherent damping ratio is clearly indicated when the structural response is
relatively small. Four vertical threshold lines are drawn to indicate the smallest structural
responses of four Scruton number cases when they are under the lowest reduced velocity
of 4, which can be considered the most possible cases to be affected by the amplitude-
dependent inherent damping ratio of the model. Among these four cases, the smallest
structural responses are almost located at the positions where the damping ratios can be
considered invariant. By the same reasoning as in [11], constant inherent damping ratios
are used in the subsequent decomposition procedures for the principal building model.

7
O Ser=1.12
3 ° O S.,=224
g Ser=1.62
g °| S, =11.43
&
=
S
o] 3 E
o)
2
E2f
w
£ R AR O
0 i ‘ l
0 0.05 0.1 0.15 0.2

Peak Acc. (m/s®)

Figure 5. Identified inherent damping ratios for the principal building models with respect to peak
acceleration at the model top.

To validate the performance of aeroelastic models for vibration measurements, the
two cases with small S, values in Table 1 are selected for comparison with the literature.
In Figure 6, across-wind normalized displacements are plotted against reduced-velocity
U,. Reduced velocity is a normalized velocity and is determined by the mean wind
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speed at the building model height and the product of the structural frequency and the
windward width of the building, Uy / foB. Although the geometric appearance and Scruton
numbers of the principal building models differ slightly from those reported in the literature
reviews, the principal building models in this study exhibit a consistent trend. Figure 7
shows the aerodynamic damping ratios as a function of reduced velocity in the along-
wind and across-wind directions, respectively. The systematic (overall) damping ratio
is identified using the random decrement technique, which is commonly used to assess
the aeroelastic model’s vibration behavior under different levels of approaching winds.
Then, the aerodynamic damping is estimated by subtracting the model’s inherent damping
ratio (§ps) in Table 1 from the identified systematic (overall) damping ratio. Since oblique-
downstream interference effects were indicated in the reduced-velocity range of 5 to 6 [1,33],
the aerodynamic damping ratios of the principal buildings in this study are estimated up
to 8, which is before the critical reduced velocity where the lock-in phenomenon might
occur. A fairly good consistency between this study and the literature is indicated by the
two figures, showing that the aeroelastic models manufactured for the principal buildings
in this study are reliable for subsequent investigations of interference effects.

10° T T T T T T
Ref A
——RefB
Ref C
—o— This study, S.=1.12 : H/B=8,6=1.0%,0pen
—o— This study, S,=2.24 : H/B=8,{=1.0%,0pen
107 + ]
Q
b>
102 | E
10-3 L 1 I I

4 6 8 10 12 14 16

Reduced Velocity U,

Figure 6. Normalized across-wind displacements of the principal building models: curve A is from
Bailey & Kwok [1]; curve B is from Huang & Gu [45]; and curve C is from Kawai [21].
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Figure 7. Estimated aerodynamic damping ratios of the principal building models with the litera-
ture: curve A is from Qaun et al. [29]; curve B is from Huang et al. [28]; curve C is from Kim et al. [31];
curve D is from Kim et al. [30]; curve A-fit is fitted curve from Quan et al. [29].

https://doi.org/10.3390 /buildings16112053


https://doi.org/10.3390/buildings16112053

Buildings 2026, 16, 2053

10 of 30

For the wind tunnel tests of interference effects in this study, the interfering building
models were fabricated with cross-sectional geometries identical to those of the principal
building. In the authors” prior publication [11], the vibration of the interfering building
model has been shown to be less important in altering the interference effects on the
principal building model when both building models have square cross-sections. This
study adopts a similar experimental setting for both building models in the aeroelastic
wind tunnel tests to that in [11]; therefore, the interfering building models are assumed
to function as static interference sources with no requirement for dynamic oscillation
and are constructed from rigid acrylic. This research prioritizes the characterization of
oblique-downstream interference; accordingly, the vibration measurements were conducted
with the interfering building situated at the locations marked by red circles in Figure 8,
while the principal building remained stationed at the coordinate origin (0, 0). The spatial
arrangement is described using a coordinate system where the X-axis and Y-axis correspond
to the along-wind and across-wind directions, respectively. The variables X and Y represent
the longitudinal and lateral separations between the geometric centers of the building
models, and B denotes the model width. Normalized coordinates, X/B and Y /B, are used to
define relative positioning, where positive X-over-B values denote upstream arrangements
and negative values denote downstream arrangements. In this study, Y/B values are
exclusively positive. A total of ten interference coordinates were investigated, extending
to a maximum distance of (X/B,Y/B) = (—2.0,2.0). These locations were strategically
selected to cover critical positions documented in prior literature where significant oblique-
downstream interference effects are expected.

G > s e X
—O—O0—O—D—60—0—0—qp5  Interference Location
-~ (X/B,Y/B)=(-2.0,2.0)
O DO OO OO D630
Intg{ferfl\ng Bulldmgm AL L
g OGS0 O D5 ¢ For acroelastic test
ao—o " D—ay.o .
¢—9<¢¢ ¥ O For aerodynamic test
00— D—D1.5
o0 Y/B 1.0
(G 7 <7 e 7 .
X/B Wind
06606606 B +—
-4.0 -3.0 -2.0 -1.0

Principal Building D=B=7mm

Figure 8. Downstream interference locations for the interfering building model in the aeroelastic test
(red circles) and the aerodynamic test (green circles).

2.3. Aerodynamic Test Arrangement for Force Measurements

To calibrate the estimated negative aerodynamic damping from the aeroelastic tests
for vibration measurements, the aerodynamic test for force measurements is conducted.
Overturning moments of the principal building model are measured at the model base
using a JR3 Universal Force-Moment Sensor System (JR3), a high-precision six-axis in-
strumentation suite. This system enables the simultaneous measurement of three force
components (Fx, Fy, Fz) and three moment components (Mx, My, Mz) at sampling frequen-
cies reaching up to 8000 Hz. To ensure signal integrity during high-speed data acquisition,
the system incorporates a dedicated digital signal processor to mitigate crosstalk and sup-
press noise in both the analog and digital domains, while facilitating signal amplification
and transmission.

The high-frequency force balance (HFFB) is a highly sensitive measurement system
mounted on a circular, adjustable turntable beneath the wind tunnel floor. During experi-
ments, the building model is firmly attached to the sensor assembly. Great care is taken
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to ensure the entire measurement setup is structurally stiff and airtight to maintain data
accuracy. It is essential to keep the system properly aligned horizontally and to verify
that the windward face of the model stays exactly perpendicular to the incoming flow.
An integrated photo showing the model and the force balance within the wind tunnel
is shown in Figure 9. For aerodynamic testing, the number of downstream interference
points is increased to cover a broader range, helping locate the most sensitive area for
oblique downstream interference effects in this study. Figure 8 shows a broader range of
interference locations (green circles).

100 Acrosswind Foece Spectrum
T T

10 L 14.0415
102
o 76.1905
S 10° ‘,{ E
; V u\
104 & 4*
1051
10 : :
\ 10° 10" 102
. oot Frequency (Hz)
(a) Photo of the model. (b) Lift coefficient spectrum under 10 m/s.

Figure 9. Aerodynamic mechanism with the principal building model.

Multiple free-vibration tests are again performed on the aerodynamic mechanism
shown in Figure 9a, identifying a modal frequency of 76 Hz in both translational directions.
In a force-measurement test, the building model should be securely connected to the
force balancer to ensure a rigid configuration and prevent dynamic coupling that could
disturb the force-measurement signals. From the lift force coefficient spectrum shown
in Figure 9b, the vortex-shedding frequency is approximately 14 Hz, corresponding to
a 10 m/s incoming mean wind speed at the model height, and is well below the modal
frequency of 76 Hz. It is widely recognized that a perfect rigid feature is nearly impossible in
a manned experiment; therefore, the separate spectral peaks representing vortex shedding
and the model in Figure 9b are considered acceptable for the force-measurement tests in
this study. For all force measurements in this study, the force signals are sampled at 1000 Hz
over a 180 s duration, yielding 20 sample functions at a 10 min field scale to support stable,
ensemble-averaged discussions in Section 3.

3. Results and Discussions
3.1. Isolated Principal Building

Theoretically, the governing equation of motion of the generalized single-degree-of-
freedom system is given by Equation (2) as follows.

M*Q(t) + C*Q(t) + K*Q(t) = F*(t) @)

In the above equation, M* is the generalized mass and is determined by |; OH m(z)¢?(z)dz,
where ¢(z) = z/H is the linear mode shape; m(z) is the mass distribution along the height
of the building. K* is the generalized stiffness and is defined by K* = (27 fO)ZM*, where
fo is the fundamental frequency of the generalized single-degree-of-freedom system. C* is
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the generalized damping coefficient and is determined by 2{ss(27fy)-M*, where Zsys
is the systematic damping ratio. F*(t) is the generalized force and is determined by
fOH F(z,t)¢(z)dz, where F(z,t) is the translational force time series along the height of
the building. With the substitution of ¢(z), the generalized force can be rewritten as

F*(t) = M(t)/H, where M(t) is the overturning moment at the base of the building.
Figure 10 indicates the aerodynamic mechanism diagram for Equation (2). To compare
with the direct displacement measurements from aeroelastic tests, the parameters in Table 1
are used to estimate the dynamic properties in Equation (2). The overturning moments
measured in HFFB tests are used to determine the generalized force. Only the first mode in
a linear shape is assumed for structural response estimation. The generalized displacement
Q(t) is then calculated by the Newmark time-stepping analysis in the time domain.

N

u(z.t)

r Rigid model

] P M) = LHF(:.r)_-d:
H

f—

floor
h J é
Force Balance ﬂ

Figure 10. The scheme system of the HFFB tests.

The key parameter for estimating structural responses is the systematic damping
ratio, which is the resultant damping ratio arising from multiple sources. The damping
ratio ¢y in Table 1 is the inherent damping ratio of the model, which is determined when
the model is once manufactured. The aerodynamic damping ¢, is the added damping
ratio due to the approaching wind and is strongly dependent on the Scruton number of
the model. The random decrement technique is a common method for determining the
systematic (overall) damping ratio when the model is subjected to strong winds. The
aerodynamic damping ¢, is obtained by subtracting the inherent damping ratio ¢; from
the systematic (overall) damping ratio {sys. Nevertheless, the literature indicates that
the aerodynamic damping ratio estimated via the random decrement technique does not
produce the same structural response measured in aeroelastic tests—a small difference
exists at different reduced velocities and decreases with increasing Scruton number [30].
A trial-and-error method can be used to find the optimal aerodynamic damping ratio by
iteratively substituting different values into the governing equation until the estimated
structural response is consistent with direct measurements from aeroelastic tests.

Figure 11 shows the identified and approximated aerodynamic damping ratios by
the random decrement technique and the trial-and-error method, respectively. A clearer
tendency is indicated: as the reduced velocity increases, the difference between the RDT-
identified values and the trial-and-error approximated values increases, especially for those
smaller Scruton-number models. The difference between the two methods is defined by
Equation (3) and is regressed in a polynomial format in Equation (4).

AGa = Ca,fitAE — Ca,RDT 3)

Coalongwing = 0.0031U2 — 0.0326U, + 0.0914 (4a)
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Figure 11. Aerodynamic damping ratios identified by the random decrement technique (“RDT” in
the legend) and approximated by the trial-and-error method (“fitAE” in the legend) for the isolated
PB model.
Figure 12 shows the regressed polynomial forms for the mean values of those aero-
dynamic damping difference A¢, from building models where S., equals 1.12,2.24, and
7.62 using Equation (4) for the along-wind and across-wind directions, respectively. Rela-
tively high R? values in both directions indicate that the polynomial models in Equation
(4a,b) fit the differences in aerodynamic damping ratio estimated by both identification
techniques well. In Figure 12, only the three cases with Scruton numbers from 1.12 to
7.62 are regressed, excluding the unclear case with a Scruton number of 11.43. In this
study, the model with a Scruton number of 11.43 exhibits only mild vibration, which
is hardly detectable by the RDT method. To express how the differences in Figure 12
significantly reflect in structural responses, Figure 13 shows the standard deviations of
the along-wind and across-wind displacements for three estimation paths. For instance,
Ox or y,aerodynamic represents the result based on the RDT-identified aerodynamic damping
ratio; 0y or y aerodynamic(m) Tepresents the result based on the trial-and-error approximated
aerodynamic damping ratio; 0y or yaeroelastic tepresents the direct measurements from aeroe-
lastic tests. Except for the case with a Scruton number of 11.43, the other three cases show
greater consistency with the direct measurements from aeroelastic tests, thereby forming
a fair baseline for estimating the interference-induced aerodynamic damping ratio in the
subsequent discussion.
004 Isolated PB (Alongwind) 0.04 Isolated PB (Acrosswind)
AE, from RDT-Scr=1.12~7.62 AE, from RDT-Scr=1.12~7.62
00351 Eq. (4a) R? = 0.93 0.035 Eq. (4b) R® = 0.85
0.03} 0.03
0.025} 0.025 /
0.02 $ 002 /
. & o %
0.015¢ o 0.015 A
d o
001} P 0.01F o
0005 T 0.005
0 L L L L L L L L 0 L L T L L L L
4 45 5 55 6 65 7 75 8 85 4 45 5 55 6 65 7 75 8 85

Reduced Velocity U,
(b) Across-wind

Reduced Velocity U,

(a) Along-wind

Figure 12. The differences between aerodynamic damping ratios identified and approximated by the
RDT method and the trial-and-error method.
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Figure 13. Standard deviations of the along-wind and across-wind displacements against re-
duced velocity.
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3.2. Interfered Behavior of the Principal Building
3.2.1. Interfered Aerodynamic Forces Based on HFFB Tests

According to Bailey and Kwok (1985 [1]) and Lo et al. (2023 [33]), when the elliptical
resonant vibration occurs, force spectra in the along-wind and across-wind directions have
been compared to indicate a more significant portion of resonant responses than that of
background responses when multiplied by the mechanical functions. The elliptical motion
resembles an inclined, hollow trajectory, a combination of two harmonic motions with
different amplitudes but at the same frequency. Therefore, the resonant component of
the structural response is the dominant component representing the vibration behavior of
the principal building model under interference [1,33], as determined by HFFB tests. The
resonant component of the standard deviations in the displacement is estimated by the
narrow-band assumption of a Gaussian distributed variable, as in Equation (5).

e = (%)2 (G2 )scu, ) a)
o= (gl (3]

where gy is the velocity pressure and is determined by O.SpU%I ; p is the air density and Uy
is the mean wind speed at the building model height. S¢ My and Sc,, are the power spectral
density functions of the overturning moment coefficients Cj;, and Cp, in the across-wind
and along-wind directions, respectively. Cpy, and Cy, are determined by Equation (6).
My (t) and M, (t) are measured overturning moments from HFFB tests.

M;(t)

CMi(t) = qHBHZ 1=Xx,Y (6)

Further, an interference factor, defined as the ratio of the interfered quantity to
the non-interfered quantity, more accurately indicates the significance of interference
effects across different load-effect conditions. Figures 14 and 15 show the contour plots
of the interference factor of resonant-component standard deviations (IFy,; and IF ;)
in the along-wind and across-wind directions under selected reduced velocities. For
the amplified resonant-component standard deviations (IF;, > 1) in the along-wind
direction in Figure 14, the variation in reduced velocity does not make much differ-
ence in the location pattern. Most obvious amplified cases concentrate on the range
of (x/B,y/B) = (—15 ~ —2.0,1.0 ~ 1.5). A slight moving tendency from y/B = 1.5 to
y/B = 1.0 with the increase in reduced velocity is indicated. The location of the amplified
resonant component in the across-wind direction is less concentrated in a specific range, as
shown in Figure 15. As the reduced velocity increases, the location where the amplified
effects occur shifts from the leeward area of the principal building model to larger y/B
values, even extending to the side area of the model. The largest amplification in the
resonant-component standard deviations (I ngR > 1) in the across-wind direction is in the
side area and a bit farther from the principal building model. Combining the observations
in both directions, the specific location of (x/B,y/B) = (—1.5,1.5) is identified to have the
significantly amplified resonant components in both directions, which coincides closely
with the observation by Bailey and Kwok (1985) [1] and proves that the selected locations
in red in Figure 8 are suitable for aeroelastic tests.
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Figure 14. Interference factor contour of resonant-component standard deviations in the along-
wind direction.

4 2 4 2
X 18 . 1.8
35 : a5 . /—\‘ :
16 > ¢ 6
3 5 3 w\_/"
14 K 14
25/9% ; . 25 12
m /_/ o L
2 2} s 1 22 1
®
15 \/&’ 08 15 08
06 ; 06
1 Q
Q (‘- 04 04
05 02 05 02
0 0 0 0
X oo > g0 LS N I N B RS
x/B
2
1.8
16
14
12
Q 1
>
08
06
04
0.2

(©) U, =65 ) U, =75

Figure 15. Interference factor contour of resonant-component standard deviations in the across-
wind direction.
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3.2.2. Interfered Vibration Behaviors Based on Aeroelastic Tests

Figure 16 shows the variations in the normalized standard deviations of the along-
wind and across-wind displacements as a function of reduced velocity. From the variations
in the four Scruton number cases, it is clearly indicated that when the interfering building
model is located at (x/B,y/B) = (—1.5,1.5) or (x/B,y/B) = (—1.5,2.0) and under re-
duced velocity is in the range of 5-7, the two cases with smaller Scruton numbers (1.12 and
2.24) exhibit clear amplification effects in the along-wind direction, while the only case with
the smallest Scruton number (1.12) is found to have amplified effects in the across-wind
direction. As observed in Figures 14 and 15, a reduced velocity of 5.5 yields the most

significant wind conditions for the oblique-downstream interference effects.

‘ Interfgred PB (Scr = 1.12) ‘

1071+

102 ¢

‘ Interfgred PB (Scr = 1.12) .

100
—@—isolated + isolated
E 10-1 L
]
3
o
G
< 102}
o
b>-
103 ¢
3 4 5 6 7 8 3 4 5 6 7 8
Reduced Velocity U, Reduced Velocity U,
@@ S, =1.12
‘ Interfgred PB (Scr = 2.24) ' 10° ' Interfgred PB (Scr = 2.24) ‘
—@—isolated —@—isolated
(x/B,y/B) = (-1.5,0.5) = (x/B,y/B) = (-1.5,0.5)
(x/B,y/B) = (-2.0,0.5) (x/B,y/B) = (-2.0,0.5)
(x/B,y/B) = (-1.5,1.0) T a4 (x/B,y/B) = (-1.5,1.0)
(x/B.y/B) = (-2.0,1.0) £ 10 (x/B.y/B) = (-2.0,1.0)
(W/BLy/B) = (-1.5.1.5) 2 (x/B.y/B) = (-15.1.5)
(x/B,y/B) = (-1.0,1.5) 8 (x/B,y/B) = (-1.0,1.5)
—=—(x/B,y/B) = (-2.0,1.5) E ——(x/B,y/B) = (-2.0,1.5)
J < 102
-7 o
% o)
108 ¢
3 4 5 6 7 8 3 4 5 6 7 8
Reduced Velocity U, Reduced Velocity U,
(b) S, =224
‘ Interfgred PB (Scr = 7.62) ‘ 10° ‘ Interfgred PB (Scr = 7.62) .
—@—isolated + isolated
E 10-1 L
]
3
o
G
< 102}
o
b>-
103+

Reduced Velocity U,

(¢) S =7.62

Figure 16. Cont.

4 5 6 7 8

Reduced Velocity U,

https://doi.org/10.3390 /buildings16112053


https://doi.org/10.3390/buildings16112053

Buildings 2026, 16, 2053

18 of 30

100

0,/B (Alongwind)

103

‘ Interfqred PB (Scr = 11.43) ‘

10-1 L

‘ Interfeyed PB (Scr =‘11.43)‘

102}

100
—@—isolated —@—isolated
= (x/B,y/B) = (-1.5,0.5) = (x/B,y/B) = (-1.5,0.5)
(x/B.y/B) = (-2.0,0.5) (x/Bly/B) = (-2.0,0.5)
(X/B.y/B) = (-15,1.0) T s (x/B.y/B) = (-1.5,1.0)
(x/BLy/B) = (-2.0,1.0) £ 107} (x/By/B) = (-2.0.1.0)
(X/B.y/B) = (-1.5,1.5) H (x/B.y/B) = (-1.5,1.5)
(x/B.y/B) = (-1.0,1.5) 2 (x/B.y/B) = (-1.0,1.5)
(x/B.y/B) = (-2.0,1.5) 5 £ (x/BLy/B) = (-2.0.1.5)
] < 102}
[an]
H/./O/‘/H/. &
] 10-3,
4 5 6 7 8 2 3 4 5 6 7 8

Reduced Velocity U, Reduced Velocity U,

(d) S, =11.43

Figure 16. Normalized standard deviations of the along-wind and across-wind displacements against
reduced velocity.

Applying the rooftop acceleration time series of the principal building model yields a
different perspective on the interference effects caused by the four Scruton number cases.
Figure 17 shows the variations in the rooftop acceleration-attributed interference factors
in the along-wind and across-wind directions for the four Scruton number cases. Unlike
the displacements in Figure 16, the interfered acceleration is clearly indicated for all four
Scruton number cases in the along-wind direction. As the Scruton number increases, the
largest interference factor in the along-wind direction decreases. All Scruton numbers show
the consistent location (x/B,y/B) = (—1.5,1.5) or (x/B,y/B) = (—1.5,2.0) to be the most
sensitive location for the along-wind acceleration; however, as the Scruton number changes,
the reduced velocity changes when the most significant interference effect occurs. It is
interesting to learn that even when the Scruton number is increased to a relatively high
value of 11.43, the acceleration-attributed interference factor can reach 2.0, indicating that
the Scruton number makes a difference across different load effects due to the oblique-
downstream interference effect. On the other hand, only the smaller Scruton numbers show
a clear amplified interference effect at the same interference locations near the reduced
velocity of 5.5.

Combining the observations of the interfered displacements and accelerations among
Figures 16 and 17 concludes that the Scruton number of 1.12 for the principal build-
ing model, with the existence of the neighboring interfering building model allocated at
(x/B,y/B) = (—1.5,1.5) and under the reduced velocity of 5.5, gives the best arrangement
for the occurrence of the well-known oblique-downstream interference effect phenomenon.
Bailey and Kwok (1985 [1]) indicated the interference factor reaches 4.36 in the along-wind
displacement and 1.73 in the across-wind displacement when the interfering building
is located at (x/B,y/B) = (—1.5,1.22) under the reduced velocity of 6.0 [1]. Similarly,
Huang and Gu (2005 [45]) mentioned an interference factor of 2.69 in the along-wind
displacement when the interfering building is located at (x/B,y/B) = (—1.5,1.5) under
the reduced velocity of 5.85 [45]. Lo et al. (2023 [33]) not only identified the consistent
interference location and reduced velocity, but also pointed out the intrinsic differences
between the oblique-downstream interference effect and the (straight) downstream in-
terference effect [33]. From the reported reduced velocities and interference locations in
the literature [1,33,45], potential influences on the occurrence of the elliptical resonant
vibration in the aeroelastic tests may be attributed to the differences in the aspect ratios of
the building models, the simulated Scruton numbers, the simulated incoming turbulence
across different lab environments, and so on. It is worth noting that elliptical resonant
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vibration is probably the most complex interference mechanism identified in the literature
to date, and the current study may have uncovered only parts of its nature.
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Figure 17. Normalized standard deviations of the along-wind and across-wind accelerations against
reduced velocity.
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In Table 2, the standard deviation values of acceleration responses in both directions
for different interference cases under U, = 5.5 are multiplied by a peak factor of 2.5 to
estimate the 1 s peak acceleration during a 10 min time segment at the field scale. According
to AIJ 2015 [46], the habitability curve with the H-70 index is chosen for comparison. By
inserting the building’s fundamental frequency 0.223 Hz (converted from 13 Hz based
on a time-scale factor of 1/58), 0.025 m/ s2 is chosen as the threshold value for compari-
son. Table 2 clearly indicates that, even though the interference factor is approximately
2.0 for S¢r = 11.43 when the interfering building is at the critical location, the absolute
peak acceleration due to oblique-downstream interference effects is still far from being
inhabitable. The peak acceleration increases as the Scruton number decreases; however, no
exceeding case is observed until the Scruton number reaches its lowest value in this study.
When the interfering building is located at (x/B, y/B) = (—1.5, 1.5), the peak acceleration is
about 3.5 times the threshold value, which significantly impairs habitability. The Scruton
number of high-rise buildings in the real world generally exceeds 10. Therefore, even if the
interference effects cause a factor of 2 in comparison with the isolated base, the estimated
peak acceleration should be suppressed to nearly no harm to habitability. However, if the
Scruton number is below a certain threshold, the interference-induced habitability problem
should be a concern.

Table 2. Estimated peak acceleration responses for PB under U = 5.5.

Ser 1.12 2.24 7.62 11.43
Direction Along Across Along Across Along Across Along Across
Threshold value = 0.025 m/s? (H-70 in AIJ 2015)

Isolated PB 0.015 0.027 0.009 0.012 0.003 0.006 0.001 0.002
(x/B,y/B)=(-1.5,0.5) 0.015 0.021 0.006 0.012 0.003 0.006 0.001 0.001
(x/B,y/B)=(-2.0,0.5) 0.018 0.027 0.009 0.012 0.003 0.006 0.001 0.002
(x/B,y/B)=(=1.5,1.0) 0.015 0.015 0.006 0.009 0.003 0.003 0.001 0.001
(x/B,y/B)=(-20, 1.0) 0.021 0.027 0.009 0.015 0.003 0.006 0.001 0.001
(x/B,y/B)=(-15,15) 0.087 0.057 0.018 0.015 0.006 0.006 0.001 0.001
(x/B,y/B)=(-2.0,1.5) 0.015 0.015 0.006 0.009 0.003 0.003 0.001 0.001

The peak factor is assumed to be 2.5 for a 10 min field time.

Figure 18 shows the displacement trajectories in the XY plane for the principal build-
ing model with S, = 1.12 under several selected reduced velocities. In these trajectory
plots, seven interference locations are shown for comparison with the isolated principal
building case. When the reduced velocity is 4.5, the sizes of the trajectory area for the
(x/B,y/B) = (—1.5,1.5) case and for the isolated case are nearly the same. When the
reduced velocity rises to 5.5, the size of the trajectory area for the (x/B,y/B) = (—1.5,1.5)
case becomes much bigger and inclined to nearly a 45-degree slope toward the down-
stream, consistent with the vector direction from the origin to the interference location
(x/B,y/B) = (—1.5,1.5). The slope becomes vague when the interference location moves
to (x/B,y/B) = (—2.0,1.5). When the reduced velocity further increases to 7.0 and 8.0, the
trajectory area is no longer an inclined elliptical shape but a more circular one, meaning
that the high correlation between the along-wind and across-wind displacements is lost;
therefore, the oblique-downstream interference effect disappears. Another interesting obser-
vation is that the trajectory areas at (x/B,y/B) = (—1.0,1.5) and (x/B,y/B) = (—1.5,1.0)
show a nearly constant slope of the elliptical shape toward to the upstream, no matter
how reduced velocity varies. The opposite slopes shown at (x/B,y/B) = (—1.5,1.5) and
(x/B,y/B) = (—1.5,1.0) under the reduced velocity of 5.5, as shown in Figure 18b, requires
a more detailed investigation with a finer resolution for interference locations.
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Figure 18. Displacement trajectories in the XY plane of the principal building model with S¢, = 1.12
under selected reduced velocities.
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Consider the case where an interfering building is located at the coordinate of
(x/B, y/B) = (=15, 1.5). As the incoming flow encounters the principal building, the
sharp edges of the windward face trigger flow separation, resulting in the formation of
downstream-moving vortices. When a vortex forms on the side adjacent to the interfering
building, it enters the narrow gap between the two buildings. This constriction creates a
channeling effect that increases flow velocity and, consequently, amplifies negative pressure
(suction). This pressure imbalance draws the principal building toward the interfering
building. As this initial vortex moves downstream, a counter-rotating vortex begins to
develop on the opposite side of the principal building (the side without interference).
Because this side remains unobstructed, the vortex shedding remains undisturbed. The
periodic and alternating formation of these vortices, coupled with the guided shedding
through the gap between the buildings, induces an oblique elliptical motion of the principal
building toward the interfering building. If the vortex-shedding frequency aligns closely
with the natural frequency of the principal building, elliptical resonance occurs, leading to
a dramatic increase in vibration amplitude.

When considering the interfering building at coordinates of (x/B, y/B) = (—1.0, 1.5) or
(—1.5, 1.0), the proximity between the two buildings creates an excessively narrow channel.
This spatial constraint prevents the vortices, triggered by flow separation at the windward
leading edge of the principal building, from passing through completely. Consequently, on
the side adjacent to the interfering building, the resulting negative pressure acting on the
principal building is reduced and remains perpendicular to the building. In contrast, a fully
developed vortex can still form on the unobstructed side. As this vortex moves downstream,
it wraps into the gap between the principal and interfering buildings, generating positive
pressure at the corner of the principal building. This pressure distribution creates a pushing
force that moves the principal building in the upstream direction. Due to this alternating
vortex-shedding interaction on both sides, the resulting motion of the principal building is
opposite to that observed in the (x/B, y/B) = (—1.5, 1.5) case, leading to an inverted phase
change in the trajectory plot.

3.2.3. Interference-Induced Aerodynamic Damping Ratio for the Oblique-Downstream
Interference Effects

From previous discussions, rather strict limitations are identified for initiating oblique-
downstream interference effects, including the interference location, reduced velocity, and
the Scruton number. Assuming that interference effects do not alter the fundamental
frequency of the building model, the aerodynamic damping ratio shall play a key role in
the governing equation, amplifying the structural response. As in the previous discussion
of aerodynamic damping in an isolated principal building model, the systematic damping
ratio is first identified using the random decrement technique, and then the trial-and-error
method is adopted to find the approximated systematic damping ratio that produces the
same structural response (here, the displacement) as the results from aeroelastic tests. In
Figure 19, the interference-induced aerodynamic damping ratio &, ; is calculated based on
Equation (7) in a simple linear way:.

‘:sys - (;rM + ‘:a + gu,I (7)

In Equation (7), &sys is the resultant or systematic damping ratio of the whole system;
Cq is the aerodynamic damping ratio induced by the isolated principal building itself;
Ca1 is the interference-induced aerodynamic damping ratio due to the existence of the
neighboring interfering building. The trajectories in Figure 18 reflect the consequent struc-
tural displacement amplitudes due to the generally negative and the varying positive
interference-induced aerodynamic damping ratios in Figure 19. The critical case with the
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Aerodynamoc Damping &,

_(x/B,y/B) = (-1.5,1.5) (Alongwind)

interference location of (x/B,y/B) = (—1.5,1.5) under the reduced velocity of U, = 5.5
shows an amplified along-wind displacement and a nearly the same across-wind displace-
ment as the isolated case. The amplified along-wind displacement is attributed to the —2%
negative interference-induced aerodynamic damping ratio, whereas the almost-identical
across-wind displacement is associated with the nearly zero interference-induced aerody-
namic damping ratio. Among all reduced velocities in Figure 19, only at reduced velocities
of 5.0 or 5.5 will amplified structural responses be observed in both directions, especially
the latter. The suppression of the across-wind displacement is clearly observed as the
reduced velocity increases.

I(xIB,‘y/B) = (-1.5,1.5) (Acr‘ossv‘vind)‘

0.1 0.1
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Figure 19. Aerodynamic damping ratios identified by the random decrement technique (“RDT” in
the legend) and approximated by the trial-and-error method (“fitAE” in the legend) for the interfering
building model located at (x/B, y/B) = (—1.5, 1.5).

From the two distinct variations by the RDT method and the trial-and-error method in
both figures in Figure 19, the trial-and-error method obviously produces a better agreement
with the aeroelastic tests in estimating structural responses. Once again, the differences
between the two methods for the interference-induced aerodynamic damping ratio are
regressed for the along-wind and across-wind directions, as shown in Figure 20. Equations
(8) and (9) are the polynomial regression models for the differences between the two
methods. Intuitively, both polynomial models in Equation (9a,b) show good agreement
with the observed data in both directions. However, the relatively low R? value in the
along-wind direction seems to be contradictory. Based on the default function POLYFIT in
MATLAB (R2021a), the R? value is defined in Equation (10), where Xops,i is the ith observed
sample and xy;;; is the fitted point on the model. Because of the near-zero observed
data in the along-wind direction, the calculated R? value is low and inconsistent with the
intuitive graphical representation. Generally speaking, the polynomial models of Equations
(4a,b) and (9a,b) provide good agreement to represent the tendencies of the differences in
aerodynamic damping ratios with respect to reduced velocities.

AGa,1 = Ca,1,fitAE — Ga,LRDT 8)

AL Latonguwing = 0-0005U2 — 0.0088U, + 0.0244 (9a)

Ao 1 acrosswing = 0.0097U2 — 0.0951U, -+ 0.2448 (9b)
2

1. {Norm (xobs,i - xfit,i) } 10)

Zi { (xobs,i - yohs)z}
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Figure 20. The differences between interference-induced aerodynamic damping ratios identified and
approximated by the RDT method and the trial-and-error method for the interfering building model
located at (x/B, y/B) = (—1.5, 1.5).

With the modifications of the interference-induced aerodynamic damping ratios in the
along-wind and across-wind directions, Figure 21 shows a fairly good agreement in apply-
ing proper systematic damping ratios to the governing equation to estimate the standard
deviations of the along-wind and across-wind displacements, especially for the critical
case with the interference location of (x/B,y/B) = (—1.5,1.5) at the reduced velocity
of Uy = 5.5. In Figure 21, 0uerodynamic Tepresents the estimated structural response with
the ¢, 1 identified by the RDT method; 0roaynamic(m) represents the estimated structural
response with the compensation of A, ; based on Equation (9a,b). Nevertheless, it is
worth mentioning that the critical case in this study for the occurrence of the oblique-
downstream interference effects remains under the following strict conditions: (1) both the
principal building and the interfering building models are identically square-cross-sectional
cylinders; (2) reduced velocity of 5.5; (3) interference location of (x/B,y/B) = (—1.5,1.5);
(4) low-Scruton number S., = 1.12. These strict conditions have also been consistent with
those works in the literature.

0.3
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- Ox,aerodynamic
- Ux,aerodynamic(m)
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Figure 21. Standard deviations of the along-wind and across-wind displacements against reduced
velocity for the interfering building model located at (x/B, y/B) = (—1.5, 1.5).

3.3. Interference Effects Due to Cross-Sectional Variation in Interfering Building Models

Realizing that oblique-downstream interference effects occur under strict conditions,
it might be interesting to investigate whether cross-sectional variation in the interfering
building model alters these conditions. The principal building model with the Scruton
number 5., = 1.12 is selected as the fixed condition due to its tendency to produce clearer
vibration behavior. The interfering building model’s cross-section is then varied from B/D
= 0.2 to 5.0, where B/D is the ratio of the breadth of the windward face to the depth of the
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side face. Interference locations near (x/B, y/B) = (—1.5, 1.5) are attempted with varying
reduced velocities from 4.5 to 6.5, which generate sufficient cases for the observation
of the oblique-downstream interference effects. To save time, the authors first applied
the HFFB tests to all interfering building models to identify the critical location with the
most significant overturning moment coefficients in both the along-wind and across-wind
directions. The criteria for identification are set at a threshold of 1.4 for the displacement
interference factor in the along-wind direction and 1.0 in the across-wind direction. The
threshold values differ, and the value in the across-wind direction is smaller because the
across-wind vibration is naturally larger under such conditions of high aspect ratio and
low Scruton number. For cases that exceed these threshold values, they will be examined
by the aeroelastic test to identify the most significant one as the representative of the B/D
interfering building model.

Table 3 presents the examined results, indicating that the interfering building model
with different cross-sections will still exhibit possible oblique-downstream interference
effects. However, the associated interference location and reduced velocity may be slightly
different from the square one. The “NF” indicates those cases with relatively smaller
interference factors in response magnitudes failed to pass the presumed threshold values
for the subsequent aeroelastic tests. However, it is worth noting that such prescreening
action is only an attempt in this study to efficiently examine those potential locations
and reduced velocities for rectangular cylinders to have the elliptical resonant vibration.
Figure 22 shows the displacement trajectories for the B/D = 2.0 and 5.0 cases. The for-
mer occurs at (x/B, y/B) = (—1.5, 2.0) with a reduced velocity of 5.5; the latter occurs at
(x/B, y/B) =(—2.0, 1.5) with a reduced velocity of 6.5. Unfortunately, the authors did not
identify any oblique-downstream interference effects for those B/D values smaller than
0.5. Based on the above observations, the occurrence of oblique-downstream interference
effects has been shown to be a complex phenomenon, requiring a more detailed experi-
mental setup, such as higher-resolution measurements of interference locations or reduced
velocities, to elucidate its dominant mechanism.

Table 3. Identified cases for the occurrence of oblique-downstream interference effects for PB model
with S¢,=1.12.

B/D 0.20 0.25 0.33 0.50 0.67 1.00 1.50 2.00 3.00 5.00
(x/B) -1.5 -15 -15 —-1.5 —-1.5 —2.0
(y/B) NF NF NF NF 1.5 —-1.5 1.5 2.0 1.5 2.0

u, 5.0 5.5 55 5.5 5.5 6.0

Note: NF: Not found in this study.

B/D = 2.00 @ (x/B, y/B) = (1.5, 2.0) B/D = 5.00 @ (x/B, y/B) = (-2.0, 1.5)
U =55 U, =65

y(mm)

Figure 22. Displacement trajectories in the XY plane of the principal building model with S¢, = 1.12
for B/D =2.0 and 5.0.
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4. Conclusions

The present experimental investigation systematically elucidated the aerodynamic
mechanisms governing oblique-downstream interference effects on high-rise buildings. By
synthesizing data from high-frequency force balance (HFFB) tests and aeroelastic vibration
measurements in a simulated atmospheric boundary layer, this study characterized the dy-
namic sensitivity and the modulation of aerodynamic damping. The principal conclusions
derived from this study are as follows:

Identification of Critical Parameters for Oblique-downstream Interference Effects: The
manifestation of pronounced oblique-downstream interference is predicated on certain
ranges of aerodynamic and structural parameters. The most severe response amplifications
were identified at a specific reduced velocity (U, = 5.5) when the principal building fea-
tured a minimal Scruton number (S., = 1.12) and the interfering building was strategically
positioned at the neighboring location of (x/B,y/B) = (—1.5,1.5). Under these specific
conditions, the principal building exhibits a characteristic inclined elliptical trajectory, indi-
cating a highly correlated resonant state in both the along-wind and across-wind directions.

Necessary Modification to Aerodynamic Damping via RDT: Through the integration
of the random decrement technique (RDT) and a trial-and-error approximation method,
this study successfully quantified the interference-induced aerodynamic damping ratio
(&,1)- The findings confirm that the dramatic escalation in along-wind displacement
at the critical location is fundamentally driven by a significant negative aerodynamic
damping effect (approximately —2%), whereas the across-wind damping remains near-
neutral. This delineates the oblique-downstream phenomenon as a primarily damping-
driven aeroelastic instability.

Dynamic Sensitivity and Load Effects: The Scruton number is a decisive determi-
nant of a structure’s vulnerability to interference flow. While elevated Scruton numbers
(Ser = 7.62 and 11.43) effectively mitigated resonant displacement amplitudes, substan-
tial amplifications in rooftop accelerations remained persistent, with interference factors
reaching magnitudes of up to 2.0. This underscores that even structures with enhanced
dynamic stiffness may experience potential habitability and serviceability challenges under
complex interference scenarios. For the most critical case, due to the oblique-downstream
interferences in this study, the peak acceleration is about 3.5 times the threshold value
based on the H-70 index in AIJ 2015 [46].

Geometric Sensitivity of the Interfering Source: Variations in the most critical case, due
to oblique downstream interference, the building’s cross-sectional geometry fundamentally
alters the interaction mechanism. While interfering models with breadth-to-depth ratios
(B/ D) exceeding 0.5 consistently induced oblique-downstream interference, slender config-
urations (B/D < 0.5) failed to trigger equivalent resonant behaviors. This suggests that a
requisite wake width from the interfering structure is essential for the establishment of the
synchronized rhythmic channeling necessary to excite the principal building’s dynamic
response. It is worth noting that the breadth-to-depth ratios adopted for the interfering
building models in this study indicate a wide range of the rough threshold search. It
requires an additional step to carefully examine those values close to 0.5 to determine the
actual B/D threshold value for the occurrence of the attempted interference effects.

It is worth noting that the experimental settings in this study can be further im-
proved to achieve finer resolution in the interference locations and a reduced velocity
range. For instance, it could be a further extension of this study to explore the mecha-
nisms of the two elliptical displacement trajectories occur at two neighboring locations,
(x/B,y/B) = (—1.5,1.5) and (x/B,y/B) = (—1.0,1.5), exhibiting two opposite slopes.
On the other hand, this study only used experimental techniques to investigate oblique-
downstream interference effects. It would also be helpful in the extension of this study to
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apply CFD numerical analysis tools to help demonstrate the flow’s streamline movements
between the principal building and the interfering building for the general understanding
of the geometric sensitivity of the interfering sources. It is also worth noting that wind
directionality is not discussed in relation to the occurrence of the elliptical resonant vi-
bration in this study. All the building models in both aerodynamic and aeroelastic tests
are arranged with their windward faces kept perpendicular to the incoming wind, which
certainly narrows the range of discussion for this particular interference-effect mechanism.
It would be the authors” expectation to incorporate wind directionality into their future
extensive work.
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Abbreviations

The following abbreviations are used in this manuscript:

ANNSs  Artificial neural networks

CFD Computational fluid dynamics

ERA Eigensystem realization algorithm
GEVD  Generalized extreme value distribution
HFFBs High-frequency force balancers

IF Interference factors

JR3 JR3 Universal Force-Moment Sensor System
PB Principal building

RDT Random decrement technique

VIV Vortex-induced vibrations

RPM Rotational speed

Ser Scruton number

Ur Reduced velocity
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