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ABSTRACT

Estimating the wind-induced responses of high-rise buildings requires a
detailed investigation of wind force characteristics and structural dynamics,
especially when an existing neighboring building has an equivalent volume
at adjacent locations. The interference effects caused by such an adjacent
building may seriously alternate the wind loading characteristics on the
target building and further affect its responses to safety or habitability
evaluation. This research investigates the interference effects on the wind-
induced responses of high-rise buildings under turbulent boundary layer
flows based on a series of wind tunnel tests. This study mainly concerns
three disturbance factors to the interference effects: the approaching
turbulent flows, the interference locations, and two typical section shapes of
the concerned high-rise buildings. Results show that the terrain effect, the
interference location effect, and the shape effect of both the principal and
the interfering buildings significantly change the interference mechanism to
the aerodynamic force and the estimated responses. The aerodynamic and
the response interference factors defined in this study have shown distinct
different patterns, indicating the interfered resonant response plays a vital
role in dominating the interference mechanism. Finally, discretized maps
with a satisfactory 0.5B x 0.5B grid resolution under statistical assumptions
are proposed as examples for future codification works.
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1. Introduction

The interference effect has been one of the essential topics in wind engineering society. From the 1960s to the
present, several different methodologies have been adopted to explain the interference mechanisms of wind-
induced responses. These methods include manufacturing pivot-based aeroelastic models for vibration
measurements, installing rigid models with the high-frequency-force-balancer for force measurements, and
conducting numerical simulations of computational fluid dynamics (Saunders and Melbourne [1], Surry and
Mallais [2], Bailey and Kwok [3], Blessmann and Riera [4], Kareem [5], Taniike and Inaoka [6], Sakamoto and Haniu
[7], Taniike [8, 9], Yahyai et al. [10], Zhang et al. [11], Zhang et al. [12], Sun and Gu [13], Khanduri et al. [14, 15], Luo
et al. [16], Thepmongkorn et al. [17], Tang and Kwok [18], Xie and Gu [19, 20], Huang and Gu [21], Cheng et al. [22],
Zhao and Lam [23], Lam et al. [24], Lam et al. [25], Hui et al. [26], Hui et al. [27, 28], Fang et al. [29], Kim et al. [30, 31,
32], Mara et al. [33], Yu et al. [34], Lo et al. [35], Lo et al. [36], Yu et al. [37], and Lo et al. [38]), and so on. Although
the discussions have covered a wide range of sensitive parameters, it is still challenging to integrate those findings
with codifications because of their complex nature. It is common to estimate design wind loads for buildings in a
code or a standard via estimating its mean and the fluctuating force components separately. The mean
component relates directly to the approaching mean wind profile. The fluctuating component is usually calculated
by the direct product of the wind force spectrum and the structure's mechanical function (Davenport Chain,
Davenport [39]) or by the estimations of background and resonant components of responses. Following the same
concept may help define interference factors to indicate the amplification or reduction level caused by
interference effects. Xie and Gu [19] conducted a series of high-frequency-force-balancer tests to regress the
interfered mean forces of a square-sectional high-rise building affected by a single or dual adjacent rectangular
high-rise building. Interference factors were defined and regressed in polynomial forms. Cheng et al. [22] applied
artificial neural network techniques to train limited experimental data to determine the interference factors with
different aspect ratios or shape appearances of two buildings under turbulent boundary layer flows. Mara et al.
[33] defined factors for wind load and peak response of a square building interfered by an identical upstream
building under three different turbulent flows. Although other works were involved in estimating interfered wind
loads, most are not based on schematic experiments or lack sufficient information for codification. Currently, GB
50009-2012 [40] and Recommendations for Loads on Buildings (2015) [41] have added qualitative descriptions
when designers need to consider interference effects in their designs. In GB 50009-2012 [40], interfering wind
loads in the along-wind and across-wind directions are factorized and illustrated in contour plots, similar to those
interfered peak responses provided in Recommendations for Loads on Buildings (2015) [41]. However, GB 50009-
2012 [40] further includes the interference effects of dual interfering buildings introduced in Xie and Gu [19].

On the other hand, interference effects are not only concerned with structural safety problems but also the
residential discomfort problem. Based on systematic wind tunnel experiments, Yu et al. [37] have proposed an
enveloped interference factor for the interfered acceleration caused by six different interfering buildings with
section sizes in the upstream region. However, most works only focus on the upstream interference effects and
miss the interference effects from the downstream area (Lo et al. [35, 38]). Moreover, the discomfort evaluation
based on acceleration calculation should consider the notice from ISO 10137:2007 [42] that “In more complex
situations, a combination of modal responses may be required.” The information indicates that the practical
judgment of whether the discomfort criteria are fulfilled or not should depend on the combined maximum
acceleration.

This research intends to examine interference effects on wind load components and the consequent structural
responses, including safety and discomfort problems. Three atmospheric turbulent boundary layer flow
exposures are simulated to consider the approaching turbulence effects. More than two hundred interference
locations, including upstream and downstream regions, are covered in one simulated terrain to provide a wide
range of interference effects. Meanwhile, two typical section shapes, square and circular, of the principal and the
interfering buildings are adopted to compare two extreme building shape conditions. Similar interference factors
defined by Cheng et al. [22] are assumed in this study to simplify parametric discussions. Finally, this research
evaluates the 80% quantile of design interference factors as one example for future codification works. Compared
to the author's previous works and related publications in references, this study investigates a wider interference
location range than most related works and adopts three different terrains for discussions. Most associated works
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only focus on the upstream interference locations. This study includes the downstream interference effects,
identified as significant in amplifying the buildings’ vibration. In addition, this study attempts to investigate the
interference effects on buildings in circular cross-sections, while most previous works limit their discussions to
buildings in square or rectangular cross-sections.

2. Experimental Setup and Interference Factor Definition
2.1. Experimental Setup

Approaching flows are simulated in an atmospheric boundary layer wind tunnel at Tamkang University in
Taiwan with a testing section of 2.2 m in width, 1.8 m in height, and 12.0 m in length, allowing the passive
development of ideal turbulent boundary layer flows with a length scale of 1/400. Wooden spires and roughness
blocks are adequately equipped to simulate eddies in different sizes and proper vertical wind profiles specified by
the power law. Figure 1 shows the experimental setting of the principal and interfering buildings in circular cross-
sections inside the wind tunnel. It should be noted that those two acrylic models in Figure 1 have not been
covered with skin layers to maintain Reynolds number similarity in wind tunnel tests.

Figure 1: Experimental setting of principal and interfering buildings in circular cross-sections.

This study adopts three incidental flow conditions to understand the turbulence effect on the interfering
mechanisms: open country (Terrain C, a = 0.13), suburban (Terrain B, a = 0.24), and urban (Terrain A, a = 0.32)
terrain exposures. Figure 2 shows the normalized mean wind speed profiles and the turbulent intensity profiles
with respect to the corresponding boundary layer heights. The boundary layer heights for three simulated terrains
are identified to be 1.18 m for Terrain C, 1.36 m for Terrain B, and 1.48 m for Terrain A, respectively. In Figure 2, the
height (60 cm) of the testing models in this study is also normalized and plotted for comparison. The Pitot tube is
set up at the elevation of the model height, providing the reference velocity pressure for force coefficient
normalization.

In the first series of experiments, two square cross-sectional prismatical models play critical roles: the principal
and the interfering buildings. Both models are in the same size of 10 cm in width and depth and 60 cm in height,
giving the same aspect ratio of six and the same model volume, 6000 cm3. To adopt the application of the high-
force-frequency-balancer (HFFB) tests, both models are made rigid and light enough to avoid the high-frequency
noise signals and not disturb the estimation of structural responses based on spectral analysis approaches. The
interference locations are the intersectional points of the along-wind and across-wind grid lines shown in Figure 3.
Finer intersectional points are arranged in the principal building's close region, while coarse ones are for the
farther area. The interference locations are normalized by the building width B in the range of (x/B, y/B) = (-4 - 12,0
- 7) to cover enough sensitive interfering areas, including the commonly discussed upstream interference regions
and those downstream (or downwind) regions of interest in this study. For one simulated terrain, there are 204
interference locations. Including the isolated principal building case, there are 205 experimental cases for one
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terrain. In total, this study has conducted 615 experimental cases for investigation. The mean wind speeds under
three flows are tuned to 4.5m/s for the habitability design and 9.2 m/s for the safety design. The Reynolds number
is then estimated at around 3.2 x 10% and 6.3 x 10% respectively, fulfilling the requirement in AWES-QAM-1-2019
[43] for a standard square building model.
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Figure 2: Vertical profiles of mean velocity and turbulent intensity.

Figure 3: Interference locations in the first experimental phase (all intersectional points).

In the second series of experiments, two square cross-sectional prismatical models are replaced by two circular
cross-sectional cylindrical models with the same volume of 6000 cm?® and an aspect ratio of six. The diameter of
the circular section is 11.28 cm, leading to the same area of 100 cm? as the square section. Other experimental
parameters remain the same for further comparisons, including the same three terrain exposures and
interference locations. Unlike the two models in square prismatic shape, the Reynolds number effect should be
examined in advance. Usually, the Reynolds number at the field scale should be in the 107 - 10° range, which is
rarely achievable in a conventional wind tunnel simulation. Therefore, this study has covered the model's
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appearance with a delicate rough skin layer to increase the Reynolds number. Also, the simulated turbulent flows
provide 12-15% turbulence intensity over the model height range. According to Cheng and Fu [44], such
turbulence level could help stabilize the flow pattern around the curved geometric model in wind tunnel tests. In
this study, the drag coefficient of the isolated circular cross-sectional cylindrical model is 0.65 under the open
country terrain flow, as shown in Figure 4. The drag coefficient variation in black in Figure 4 is given in Holmes and
Bekele [45] to illustrate the Reynolds number effects of a circular cylinder in the sub-critical Reynolds number
range. The value of 0.65, marked as a star, implies that the Reynolds number is in the subcritical range, not falling
in the critical range that underestimates wind forces at the field scale.

2
1.5 4
8 11 ‘/-
0.5 Cob = 0.65 (open country)
0 from this study

1 10 100
Aspect ratio (2h/b)

Figure 4: Effect of aspect ratio on the drag coefficient of a circular cylinder in the sub-critical Reynolds number range (Holmes
and Bekele [45]).

The JR3 Universal Force-Moment Sensor System from Nitta Co., which can measure three base shears and
three base overturning moments of the principal building, is adopted in this study. These six base
forces/moments follow the coordinates shown in Figure 5. The sampling rate is 1,000 Hz and set to record for a
continuous 180 seconds for each interference location case. According to Tamura [47, 48], the principal building's
fundamental frequency in the field scale is approximately 0.2 Hz for a 240 m high-rise building. Table 1 lists basic
information for three simulated terrains and the data sampling conditions. The design wind speeds in Taiwan
Wind Code for Buildings 2015 [46] are referenced for the velocity range for the subsequent velocity conversions to
cover enough velocity range for discussion. Table 2 lists the concerned design wind speeds at the building heights
and the corresponding reduced velocities. Based on Tables 1 and 2, velocity scale factors and time scale factors
are estimated. For example, when reduced velocity equals 7.5, the fundamental frequency is converted to a 12 -
14.8 Hz range for the safety evaluation and a 26 - 32 Hz range for the habitability evaluation. The model's
frequency is 82 and 85 Hz via free vibration tests for both building models in square and circular shapes. Although
the frequency gap between the actual structure and the model is not ideally far enough, the model's frequency is
higher than the structural frequency for the habitability evaluation, which should be acceptably in a good
fabrication condition for a model for the HFFB tests.

Wind
F, Y

F Y
M, < /q@y

o

M

Figure 5: Diagrams of base shears and base overturning moments.
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Table 1: Basic information for flow simulations and data sampling

Terrain A B C
Power-law index a 0.32 0.24 0.13
Mean wind speed at the model height Uy (m/s) for a 50-year return period design 9.2 9.2 9.2
Mean wind speed at the model height Uy (m/s) for a 1-year return period design 4.5 4.5 4.5
Sampling rate (Hz) 1000 1000 1000
Sampling length (s) 180 180 180
Length scale (wind tunnel/field) A, 1/400 1/400 1/400

Table 2: Design wind speeds at building heights and corresponding reduced velocities

50-year return period for safety design

Design wind speed at building height Uy (m/s) 66.7 | 62.5 | 58.3 | 54.2 | 50.0 | 45.8 | 41.7 | 37.5 333

Reduced velocity U, 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

1-year return period for habitability design

Design wind speed at building height Uy (m/s) 30.7 | 28.8 | 26.8 | 249 | 23.0 | 21.1 | 19.2 | 17.3 15.3

Reduced velocity U, 3.9 35 | 322 | 3.0 2.8 2.5 2.3 2.1 1.8

Note: The 1-year-return-period design wind speed is assumed to be 0.46 times the 50-year-return-period design wind speed.

It is worth mentioning that both the windward faces of the buildings are perpendicular to the wind direction.
The directional effect from approaching wind is ignored in this study for simplification. In some references, Kim et
al. [30], the directional effect could be crucial for estimating local peak pressures. However, this is not in this
study’s concerns.

2.2. Interference Factor Definition

The interference factor is a commonly used scale to indicate how wind loads or structural responses are
amplified or reduced by the interference effect. Most references adopted two common experimental
terminologies to examine interference effects. The first terminology is the buffeting factor (BF), mainly used to
indicate the amplification or reduction in displacement responses, especially for the root-mean-square value of
fluctuating displacement at the rooftop. Bailey and Kwok [3] first proposed a buffeting factor to quantify the
interference effect identified by the pivot-based aeroelastic tests. The second term is the interference factor (IF),
which indicates the amplified or shielded effects on aerodynamic forces. However, the terminology of interference
factor has been generally used for both aerodynamic forces and structural responses in recent years. For instance,
Mara et al. [33] proposed using interference factors to compare peak wind load and response. This study defines
interference factors for general discussion, either for aerodynamic forces or structural responses.

In most codes, the high-rise building's design wind load can be described as a combination of the mean
component and the fluctuating component of load effects. The approaching flow mainly causes the former
component. The latter is due to the incoming turbulence, the flow separation around the building, and the
resonance inspired by the structural dynamics. The fluctuating component can be further divided into the
background and resonant parts. Cheng et al. [22] proposed individual interference factors for load effects of mean
component, background component, and resonant component, respectively. For the comparison works of much
data in this study, aerodynamic interference factors are defined in Equations (1) and (2) for mean wind force in the
along-wind direction and fluctuating wind forces in the along-wind and across-wind directions.
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where IF;, the aerodynamic interference factor of mean wind force in the along-wind direction; F ., the
interfered mean wind force in the along-wind direction; F, 5, the mean wind force in the along-wind direction
when the principal building is isolated; IF; the aerodynamic interference factors of fluctuating wind force; S, (n)
the interfered force spectrum; S, . (n) the force spectrum without any interference effects. In this study, Ythe
torsion is ignored because of the nature of the selected cross-sections.

Equations (3) and (4) are defined to estimate the interference effects on the wind-induced responses. The
displacement interference factor, DIF, is for discussing the interference effect on the fluctuating displacements at
the rooftop, while the acceleration interference factor, AIF, is for the fluctuating accelerations.

1 o
— | |H;(n)|?Sz.  (n)dn
o k2 fO |H; Fiintf
DIF; = G‘""tf = i=xy (3)
. . 1 [o'e)
bse 7 Jo HiMPS, (W) dn
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where g; the standard deviation value of fluctuating displacement response; g; the standard deviation value of
fluctuating acceleration response; k; the stiffness values; |H;(n)|? the mechanical functions defined in Equation (5),
assuming a 1% damping ratio for both along-wind and across-wind directions. The structural frequency ny; is
determined based on the assumptions of 0.2 Hz for a 240 m high-rise building and the time scale factors for the
safety and habitability evaluations.

|H,(m)|? =

o) @]

The above calculations are generally based on the Davenport Chain (Davenport [39]), utilizing the measured
overturning moments of the along-wind and the across-wind directions under the assumption of the linear first
mode shape. In the following discussions, interference factors are examined in colored contour plots and
magnitudes. The contour plots can show the interference effect qualitatively and those sensitive areas.
Furthermore, to generalize the results, the idea of the envelope interference factor defined by Yu et al. [37] is
adopted in this study. The maximum interference factor is selected for discussions among all concerned reduced
velocities in Table 2. Equations (3) and (4) are further generalized as Equations (6) and (7).

EDIF; = maxy, y, (DIF;(,)) i=xy (6)

EAIF; = maxy, . (AIF;(V,))  i=xy (7)
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3. Results and Discussions
3.1. Interference Factor for Aerodynamic Force

3.1.1 Mean Component of Aerodynamic Force

Figure 6(a) shows the colored contour plots to indicate the interference effect tendencies under three terrains.
The two-color bar is selected for the contour plots to demonstrate the gradual varying trend concerning the
interference locations. The blue color represents a reduction effect; the red color represents an amplification
effect. When the color is white, nearly no interference effect is identified. The coordinate system of the
interference locations for the contour plots in this paper is based on (x/B, y/B), where x represents the along-wind
direction and y represents the across-wind direction. B is the width of the square cross-section.

It is indicated that the interfering buildings located in the upstream regions of the principal buildings strongly
reduce the along-wind mean wind force on the principal buildings. The involved upstream area could extend
farther than x/B = 10 in the y/B = 1 lateral range, forming a belt-like region. In Cheng et al. [22], this region can
reach 14 times the building width. The reduction level is more significant in the square cross-sectional model case
than in the circular cross-sectional model case. The terrain effect is more evident in Terrain B and C, showing a
more enhanced interference phenomenon than in terrain A. In the two plots of Terrain A, a light red area in the
lateral direction of the principal building shows a slight amplification effect, which might be ignorable since the IF
value is generally less than 1.2. The most considerable amplification at the location of (x/B = -0.5, y/B = 1.5) in
Terrain A shows the IF value is 1.321, which is worth investigating in the future.

In Figure 6(b), the contour plots of interference factors for the mean component of along-wind force
coefficients in Mara et al. [33] are extracted to compare with the corresponding terrains in Figure 6(a) from this
study. Although the contour plots by Mara et al. [33] provide a narrower observation range, the tendencies in both
plots are pretty consistent with the outcomes of this study, where the upstream interfering buildings generally
reduce the mean along-wind force coefficients to locations farther than 12 times building breadth.

3.1.2. Fluctuating Component of Aerodynamic Force

Figure 7 shows the interference effects on the along-wind and across-wind fluctuating wind forces. In Figure
7(a), it is interesting to see the distinct differences between Terrain A, B, and Terrain C. No apparent amplification
effect is observed in the former two terrains. The belt-like reduction region upstream of the principal buildings is
similar to that in Figure 6. In Terrain C, most of the upstream area of the square principal building shows an
amplified fluctuating force; meanwhile, the belt-like reduction region upstream of the principal circular building
becomes narrower than that in Figure 6. The belt width is almost the same size as the diameter of the circular
building. Aside from the narrow belt-like reduction area, a wider belt area shows amplification effects. The
different area sizes to cause the amplification effects may result from different levels of wake structures behind
the two cross-sectional buildings. As a result, the largest amplification (/F, = 1.339) in the along-wind direction is at
the location of (x/B = 2.5, y/B = 1.0) in Terrain C in the square building case. The largest reduction (IF, = 0.346) is at
the location of (x/B = 1.5, y/B = 0.0) in Terrain A in the square building case.

As for the interference effect in the across-wind fluctuating wind forces in Figure 7(b), two cross-sectional
buildings seem to have the same distribution pattern at a glance. Two different observations can be carefully
examined. First, in the square building case, the amplification area increases from Terrain A to Terrain C, indicating
the enhanced effect due to the vortex shed from the interfering building. As the incoming turbulence intensity
decreases, the vortex structure is less weakened, so the amplification effect in the across-wind direction is more
significant. On the other hand, the amplification area in the circular building case remains almost the same size
regardless of terrain varying. Second, a reduction effect is generally indicated when the interfering building is
located in a close region near the square principal building. The most considerable case is at (x/B = -0.5, y/B = 1.5)
showing a large reduction of almost 60%. As a result, the largest amplification in the across-wind direction is IF, =
1.876 at the location of (x/B = 4.0, y/B = 2.5) in the square building case and IF, = 1.878 at the location of (x/B = 4.0,
y/B = 1.0) in the circular building case, both in Terrain C. The largest reduction is IF, = 0.436 at the location of (x/B =
1.5, y/B = 0.5) in the square building case in Terrain B. A similar reduction is IF, = 0.474 at the same location in the
square building case in Terrain A.
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Figure 7: Contours of aerodynamic interference factors: (a) Along-wind IF,; (b) Across-wind IF,; (c) Mara et al. [33].
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Figure 7(c) shows the contour plots extracted from Mara et al. [33] for comparison with the corresponding
results in Terrain C in Figures 7(a) and 7(b). Both plots in Figure 7(c) are part of this study's discussion interference
location range. If only focused on the overlapped area, both results show good consistency, as the comparison
shown in Figure 6.

3.2. Interference Factor for Structural Responses

3.2.1. Rooftop Displacement Due to Interference Effects

In the discussion regarding the rooftop displacement, only the fluctuating displacement component is
concerned since the mean displacement component can be easily calculated by the static analysis of the
interfered mean wind force in the previous section. Although Lo and Kim [49] indicated that the mean force
component in the across-wind or the torsional direction could be slightly affected by an existing interfering
building, the effect should be small enough to ignore in this study. Figure 8 shows the contour plots of
displacement interference factors obtained by Equation (6).

As shown in Figure 8(a), the interference-induced amplification in the along-wind fluctuating displacement is
strengthened when Terrain A changes to Terrain C for both the square and the circular cases. Unlike Figure 7(a),
only a limited upstream area in Terrain C shows the amplification effect for the along-wind fluctuating force. Most
areas in all terrains in Figure 8(a) show amplified IF, values. The discrepancy should be considered as the
contribution from the resonant component inspired by the structural dynamics. It is also interesting to indicate
that the largest amplification in the along-wind direction is not at the same location for the square and circular
building cases. For the square building case, the largest EDIF, = 1.32 at the location of (x/B = -1.5, y/B = 1.0) in
Terrain A gradually increases to 1.49 in Terrain B and further to 2.07 in Terrain C at the same location. This
identified location is close to the downstream resonant case of (x/B = -1.5, y/B = 2.2) mentioned in Bailey and Kwok
[3]. For the circular building case, the largest EDIF, = 1.56 at the location of (x/B = 3.0, y/B = 1.5) in Terrain A
gradually increases to 2.04 in Terrain B and further to 2.52 in Terrain C at an almost the same location (x/B = 3.0,
y/B = 1.0). The amplification condition is larger in the circular building case than in the square building case, which
may be due to the smaller fluctuating response of an isolated circular building than an isolated square one. The
reduction effect is neglected here based on the conservative design principle compared to an isolated design.

For the across-wind fluctuating displacement in Figure 8(b), the amplification and reduction effects are
distributed in the square building cases. However, the amplification effect is identified in most interference
locations of the circular building cases. In the square building case, the reduction interference effect is indicated in
the area upstream of the principal building, and the amplification interference effect is in the area of y/B > 2.0. The
areas with amplification and reduction effects are separated with a boundary of y/B = 2.0. Regarding Terrain B, the
area size with the reduction effect is shrinkage to the surrounding upstream area near the principal building.
When it is Terrain C, the apparent reduction effect is only indicated near the side locations, x/B = -2.0 - 2.0 and y/B
= 1.5 - 2.5. The largest reduction effect is found to change from the upstream location of (x/B = 1.5, y/B = 0.5) in
Terrain A and B to the side location of (x/B = 1.0, y/B = 1.5) in Terrain C. On the other hand, the amplification effect
in the square building case also has a different trend from Terrain A to Terrain C. When it is in Terrain A and B, the
amplification effect is in the area where x/B = 4.0 - 10.0 and y/B = 1.5 - 4.0, which is typically indicated in
references. However, in Terrain C, besides the typical area, the side/downwind area shows another sensitive
interference location to amplify the fluctuating responses. Compared to Figure 7(b), the typical area, where x/B =
4.0 - 10.0 and y/B = 1.5 - 4.0, is mutually indicated in interfered fluctuating force and displacement. However, the
side/downwind area is only indicated in interfered responses, explaining that the downstream resonant
phenomenon near the location of (x/B = -1.5, y/B = 1.0) has a more significant interfered response in the across-
wind direction than in the along-wind direction. Nevertheless, the size of such a downwind interference effect
seems to have a larger area in the across-wind direction.

In the circular building case, the reduction effect is indicated only in Terrain C, the surrounding area of the
principal building. The amplification effect is almost in the same area, no matter the terrain changes. Unlike the
square building case, the amplification effect is only found in the typical area of x/B =2.0 - 10.0 and y/B = 1.0 - 3.0.
No side/downwind interference effect is identified, meaning that the downstream resonant phenomenon might
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be only seen for those buildings which can shed a strong vortex/wake to affect the downwind buildings. As a result,
no clear reduction effect is in the observed range in the along-wind direction. The largest amplification effect is
located at x/B = 3.0 and y/B = 1.0 in the circular building case in Terrain C. In the across-wind direction, the
reduction effect is indicated near the principal building, where the most significant reduction effect is at x/B = 1.0
and y/B = 1.5 in the square building case in Terrain C. A similar reduction level is also indicated at almost the same
location in the circular building case in Terrain C. The largest amplification effect has different locations in the
square and the circular building cases in Terrain C. The former locates at x/B = -0.5 and y/B = 3.0, where the
downstream resonant phenomenon is supposed to occur. The latter locates at x/B = 4.0 and y/B = 1.5, where most
references indicate the commonly known upstream interference region.

Comparing Figures 7 and 8 shows that although the interference factors for the aerodynamic forces are
primarily defined to indicate the amplification or reduction effects, it is more desirable to determine the
interference factors for the interfered responses, including the background component and the resonant
component, respectively.

3.2.2. Rooftop Acceleration Due to Interference Effects

Figure 9 shows the contour plots of the acceleration interference factors. In the along-wind direction, both the
square and the circular building cases have a similar contour pattern as that in Figure 8(a). Only the largest
amplification effect is a bit closer to the principal building. In the across-wind direction, similar patterns can be
seen in both cases compared to that in Figure 8(b). However, the significant amplification at the side/downwind
location is no longer identified in the square building case, and the circular building case has almost no reduction
effect.

3.2.3. Design contours of interfered response estimation

An example of discretized maps of response interference factors is proposed in Figures 10 and 11 for quick
reference for an initial design of wind-induced responses due to interference effects. In the discretized maps, a
0.5Bx0.5B grid is presumed to be the resolution unit. Several assumptions decide the representative interference
factor value in each grid: (1) averaged interference factor is taken from a re-calculation with the damping ratio
assumed to be 1% and 1.5%; (2) ensemble size is increased to 50 by elongating the measuring time, and the
corresponding interference factor is taken according to the 80% non-exceedance probability position; (3)
interference factor is rounded to the first decimal point for reading convenience; (4) interference factor is
assumed 1.0 to ignore the reduction effect for the conservative principle of design.

In fact, the acceleration interference factors in the along-wind direction and the across-wind direction can be
integrated into one factor if the following Equation (6) is concerned with the corner acceleration.

04 = /a;ﬁc +07, (6)

where g, the equivalent corner acceleration; o2 the variance of along-wind acceleration coupled with the twist
acceleration effect; o}, the variance of across-wind acceleration coupled with the twist acceleration effect. In this
study, the twist responses caused by the torsional force are ignored. However, it would be essential to include the
torsional effects for those buildings with unsymmetric section shapes or large depth/width ratios for the corner
acceleration estimation.

It is well known that the mechanism to cause interference effects involves many disturbance factors. As
mentioned before, although some international codes or standards have tried to integrate it with the codifications,
a qualitative description could be the only solution to remind the designers to include the modification due to
interference effects. The discretized design map in Figures 10 and 11 provides one possible expression of
collecting essential data for interference effects. The authors would like to emphasize that the calculated
interference factors from different wind tunnel tests should be further integrated with a systematic statistical
process.
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4. Conclusions

This study discussed the aerodynamic forces and wind-induced responses due to three common disturbance
factors to the interference effects, including the terrain exposure effects, the interference location effects, and the
shape effects of the principal and interfering buildings. Aerodynamic and response interference factors were
defined and plotted in color contours to explain the interference mechanisms. Several observations were
concluded as followings.

A belt-like region in the upwind area of the principal building is generally identified for the interference-induced
reduction in the along-wind mean wind forces. The contour plots with the circular cross-sectional building show a
narrower belt than the square one.

Terrain effects are indicated in the contour plots for fluctuating wind forces. The open country terrain (Terrain
C) shows the most identifiable results among the three terrain exposures. Meanwhile, the shape effects show two
different interference mechanisms near the two buildings. When the interfering building locates in the area
surrounding the square principal building, a significant reduction in fluctuating across-wind force is found. In
contrast, almost no reduction effect is observed near the circular one.

Amplification in the along-wind displacement response is generally distributed regardless of terrain and shape
effects. The interference location of the most significant amplification is consistent with the references' commonly
mentioned upstream area. The most amplification can be up to double the fluctuating response when the
principal building is isolated. Similar results are observed for the along-wind acceleration responses.

Both amplification and reduction are similarly seen in the across-wind fluctuating displacement and
acceleration responses. An interesting amplification in fluctuating displacement is observed at the side/downwind
location for the square building, which is consistent with the downstream resonant phenomenon mentioned in
Bailey and Kwok [3].

Finally, this study proposed several statistical steps to process the discretized maps of response interference
factors. From the comparisons with other works (Mara et al. [33]), interference factors from wind tunnel tests in
different facilities may have the same tendency but are often different in values. For practical designs, interference
effects should be statistically quantified before being integrated into the codes or standards.
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