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A B S T R A C T   

This paper investigates the aerodynamic characteristics of a high-rise building loaded by steady wind flows with 
different boundary layer profile shapes. The multiple-fan wind tunnel (MFWT) at Tamkang University was used 
to simulate a mean velocity field with a nose-shaped boundary layer profile, similar to that observed in thun-
derstorm outflows, and a standard boundary layer flow, both with 3–5% turbulence over the depth of the profile. 
A regular ‘open terrain’ boundary layer flow was also generated using spires and roughness blocks to enable 
comparison. Aerodynamic characteristics of the Commonwealth Aeronautical Advisory Research Council 
(CAARC) building loaded by each of these flow fields through a range of incidence angles were measured, 
analyzed, and compared. Results showed that pressures on the windward face of the building largely reflected 
the dynamic pressure in the incident wind field. Pressures on faces within the separated wake region were less 
easily explained. Incident mean velocity and turbulence profiles, as well as building orientation, were all found 
to influence measured wind loads and forcing spectra on these faces. Of particular interest was a significant 
reduction in cross-wind forcing observed in the simulated outflow-like winds, largely believed to occur because 
the lower elevation of strong winds in this profile limits the development of a separation vortex up the height of 
the building. It was also found that the estimated building response was almost universally lower in the outflow- 
like flow field when compared with the boundary layer cases.   

1. Introduction 

Wind-induced damage to structures is caused by various meteoro-
logical phenomena. Among these conditions, thunderstorms are the 
dominant phenomenon in many parts of the world. The modern dis-
cussion on thunderstorm structure can be traced back to the 1950s when 
Byers and Braham (1949) showed that the evolution of mesoscale 
thunderstorms consists of three stages and occur on a scale of a few 
kilometers. In the 1980s, Fujita (1985) discovered and described the 
formation of thunderstorm downbursts and the resulting shallow layer 
of strong winds they produce when downdrafts impinge on the surface of 
the earth and diverge in starburst-like patterns. Based on accumulated 
monitored data from three projects: NIMROD (1978), JAWS (1982), and 
MIST (1986), Fujita (1990) described the nose-shaped (or wall jet) ve-
locity profile of the divergent radial outflows from downbursts and 
discussed their salient features. More recent observational studies have 
extended our understanding of these outflow boundary layers and, in 

particular, have highlighted the variability that can exist in these pro-
files from event to event and also within a given outflow itself (Canepa 
et al., 2020; Gunter and Schroeder, 2015; Lambardo et al., 2014). 

In wind engineering, the non-stationary and non-Gaussian load ef-
fects of thunderstorm winds have been popular topics when considering 
engineering design for safety and economic efficiency. A framework 
proposed by Kwon and Kareem (2009) categorized the overall dynamic 
effects of structures due to a thunderstorm wind into four elements: (1) 
kinematic effects, (2) rise-time effects, (3) non-stationary turbulence 
effects, and (4) transient aerodynamic effects. Much recent literature has 
focused on (2) and (3). For example, Chen and Letchford (2004a) 
evaluated the response of a single-degree-of-freedom system due to a 
non-stationary wind by decomposing the thunderstorm wind into a 
time-varying mean component and a zero-mean fluctuating component. 
Chen and Letchford (2004b) then gave a maximum dynamic magnifi-
cation factor to determine the ratio between the dynamic and static 
responses. Choi and Hidayat (2002), Chay and Albermani (2005), and 
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Holmes et al. (2005) conducted similar works. Solari et al. (2015) 
improved the treatment of the fluctuating component by considering the 
product of the slowly-varying standard deviation and a rapidly-varying 
stationary Gaussian zero-mean process and unit standard deviation. 
Other researchers have investigated advanced analytical techniques on 
this topic, for instance, the evolutionary spectral density, wavelet 
transform, and time-domain simulations (Huang and Chen, 2009; Huang 
et al., 2013), and the processes are now relatively well understood and 
modeled. 

For element (4), the transient aerodynamic effects, early works, such 
as Sarpkaya and Kline (1982), Sarpkaya and Ihrig (1986), and Shirato 
et al. (2009), have discussed the aerodynamic coefficient variations of 
two-dimensional bluff bodies under accelerating or impulsively started 
flows. Results showed that the transient effects on the drag or lift co-
efficients depend on the breadth/depth ratio, or the depth/width ratio, 
of the immersed bluff bodies and the wind attack angles. More recently, 
Takeuchi and Maeda (2013) conducted wind tunnel experiments to 
investigate the drag and lift coefficients on a three-dimensional elliptic 
cylinder under accelerating flow. The same authors then went on to 
study the loading of several building models under similar conditions 
(Takeuchi et al., 2016). Like earlier studies, this work found that sub-
stantially larger loads than in steady flow conditions could occur over 
parts of a building provided acceleration rates were high enough. 
However, Yang and Mason (2019), through a study exploring the tran-
sient load effects on three two-dimensional rectangular prisms under a 
range of accelerating flows, suggest that the levels of flow acceleration 
experienced during thunderstorm outflows are unlikely to be high 
enough to generate significant ‘overshoots’ of steady flow loading for 
most structures. Irrespective, more research is required to adequately 
understand the true nature of transient aerodynamic effects as they 
relate to thunderstorm loading of buildings. 

For element (1) of the Kwon and Kareem (2009) framework (kine-
matic effects), numerous studies have been undertaken to explore how 
the mean load effects on buildings change in different flow fields. Early 
research by Baines (1963), for example, showed that wind pressures and 
flow patterns around a tall building model changed substantially 
depending on whether it was placed in a uniform or a simulated atmo-
spheric boundary layer flow field. Studies specifically relating to 
thunderstorm-generated winds have also been undertaken, with many of 
these using experimental impinging jets to study loads on low-rise 
buildings (Jubayer et al., 2019), cubes (Letchford and Chay, 2002; 
Mason et al., 2009) and numerous other structures with differing roof 
geometries (Jesson et al. 2015a, 2015b). In addition, Butler et al. (2010) 
used an actively controlled multi-fan wind tunnel to study pressures on 
prismatic building models in an atmospheric boundary layer as well as a 
thunderstorm outflow-like wind field with a nose-like mean velocity 
profile. Despite these studies all concluding that outflow-like wind fields 
generate loading that differs from regular atmospheric boundary layer 
wind loads, much is still to be learned about why these differences exist. 

Given the above, the primary aim of this paper is to investigate how 
wind loading on a generic tall building changes when immersed in a 
regular atmospheric boundary layer and a simulated thunderstorm 
outflow-like wind field. We will then speculate why these differences 
may exist and hopefully provide some useful insight for future work to 
build upon. For this study, three different wind fields are generated in 
the Tamkang University multi-fan wind tunnel, and the resulting wind 
loads on a model of the Commonwealth Aeronautical Advisory Research 
Council (CAARC) building (Wardlaw and Moss, 1970) are measured and 
studied. The three profiles simulated include a standard “open terrain” 
atmospheric boundary layer profile, a nose-shaped velocity profile like 
that expected during thunderstorm outflows, and a second atmospheric 
boundary layer profile with low levels of turbulence throughout its 
depth (similar to levels in the nose-shaped profile). Wind pressures, 
forces, and moments applied to the model building for each of the flow 
cases and through a range of incidence angles are analyzed and dis-
cussed. Spectral densities and estimates of dynamic structural response 

using random vibration theory are also used to explore the differing 
nature of load and response that exist for each of the cases. 

The remainder of this paper is set out as follows. Section 2 describes 
the experimental setup in the multiple-fan wind tunnel and presents the 
characteristics of the simulated flow fields and building model. Section 3 
details the research findings and discusses the aerodynamic character-
istics of wind pressures/force coefficients on the building model for all 
incident velocity fields and angles of attack. Section 3 also details the 
estimated wind-induced response of the full-scale CAARC building due 
to the simulated wind fields. The observed relationships between the 
incident velocity field and both the loading coefficients and response are 
discussed throughout section 3. Finally, Section 4 concludes the paper 
and provides a summary of key findings. 

2. Experimental setup 

2.1. Flow simulation 

Experiments were conducted in the multiple-fan wind tunnel 
(MFWT) at the Wind Engineering Research Center, Tamkang University. 
The MFWT is an actively controlled blow-down tunnel with seventy-two 
individual motor-fan units, twelve in column and six in row. Each motor- 
fan unit comprises a servo motor and a 0.22 m diameter fan within its 
own independent channel. The tunnel has a 2:1 vertical contraction 
section downwind of the 72 fans that can generate a maximum wind 
speed of 16 m/s and a turbulence intensity of around 3% at the inlet of 
the test section. The test section has dimensions of 1.32 m in width and 
height and is 5.6 m in length downwind of the inlet. Fig. 1 shows a 
schematic diagram of the MFWT with the model location for the current 
tests indicated. The test section is equipped with a turntable that allows 
for building model rotation. All internal tunnel surfaces are timber or 
glass and are notionally smooth. 

The target flows in this study are 1) a standard “open terrain” 
boundary layer flow (hereafter: BLC), based on terrain C specified in the 
Taiwanese wind code (MoIT, 2015), 2) a boundary layer flow with the 
same mean velocity profile as BLC but with low turbulence intensity in 
the approaching winds (hereafter: ABL), and 3) a nose-shaped mean 
velocity profile, representative of a thunderstorm outflow-like wind 
field, exhibiting low levels of turbulence throughout its depth (hereafter: 
TS). The BLC flow case is designed to provide a reference set of results 
representative of loading in a typical atmospheric boundary layer. The 
other two flows, i.e., ABL and TS, are designed to explore the 
profile-shape effects on the wind forces and associated responses of a 
high-rise building. 

To generate each of these flow conditions, the rotational frequency of 
the 72 fans was individually adjusted until the desired mean velocity 
profile was produced. Fan frequencies were held constant for each test; 
however, some lateral variability in fan frequency was introduced to 
promote mixing within the flow. Fig. 2 shows the rotation frequency set 
for each of the 72 fans for the three target flow conditions. The numbers 
shown in each box indicate the rotation frequency for each fan. The 
frequency distributions generally reflect the target mean wind speed 
profiles, with low fan frequencies at elevations where low mean veloc-
ities are required and high fan frequencies at elevations where higher 
velocity is needed. A relatively uniform distribution of fan frequencies 
was applied for the BLC case, with surface-mounted roughness blocks 
and triangular spires used to shape the boundary layer. Fig. 3 shows the 
arrangement of these features in the tunnel for the BLC flow case. 

Fig. 4 shows the mean wind speed profiles for each of the simulated 
flows. The BLC and ABL mean U velocity profiles agree well with the 
accepted open terrain characteristics of a power law with an index of 
0.15 (terrain C in Taiwanese wind code). The TS flow was designed to 
replicate the empirical outflow velocity profile proposed by Wood et al. 
(2001) and given in Equation (1). In this equation, δ is the height where 
0.5Umax occurs and erf() is the error function. Fig. 4 shows a good 
replication of this profile, with the maximum velocity occurring at an 
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elevation of approximately 100–150 mm. When using the geometric 
scale discussed in Section 2.2, this elevation equates to 40–60 m in 
full-scale, which is of an order similar to those observations for 
numerous events in the field (Hjelmfelt, 1988; Lambardo et al., 2014; 
Canepa et al., 2020). In addition, the TS flow case was designed to have 
the same maximum mean wind speed, Umax = 10.5 m/s, as the ABL and 
BLC flow cases and further, so that the depth-averaged velocity below 
457 mm (height of the test model) was the same for each test case. 
Approximately zero mean wind speeds in the lateral (V) and vertical 
directions (W) was observed in each of the simulated flows. 

U(z) /Umax = 1.55
(z

δ

)1/6[
1 − erf

(
0.7

z
δ

)]
(1) 

Fig. 5 shows the turbulence intensity profiles for the three simulated 
flows. The BLC flow simulated in the MFWT shows Iu values ranging 
from just below 20% at the tunnel floor to approximately 7% at an 
elevation of 457 mm (height of building model). The Iu profile proposed 
by AIJ (2015) is also shown, with a reasonable agreement between it and 

the simulated BLC profile shapes. However, a relatively uniform un-
derestimation of approximately Iu = 0.05 is shown for the BLC case, 
which in large part is due to the under-production of large-scale gusts in 
the MFWT, as discussed later in this section. This difference was deemed 
acceptable for this work, given that the primary focus is on comparisons 
between the ABL and TS cases. The ABL and TS flows display lower 
turbulence intensities over the profile depth than in the BLC flow case. 
Values of approximately 7–8% near the surface that vary between this 
value and 3% over the profile height are shown. This relatively low level 
of turbulence was intentionally simulated (at least in the TS case) to 
conceptually replicate the low turbulence conditions observed during 
the Lubbock-Reese Rear Flank Downdraft and discussed by Holmes et al. 
(2008). In that case, observed Iu values near the surface were 9–11%, 
which, while marginally higher than those simulated here, are roughly 
replicated. For the TS flow, a localized maximum in each of the turbu-
lence intensity profiles is observed at approximately 250 mm. This 
maximum coincides with the elevation of the maximum negative 
gradient in the mean velocity profile and thus indicates shear-induced 

Fig. 1. Schematic diagram of the multiple-fan wind tunnel at Tamkang University.  

Fig. 2. Rotation frequency (revolutions per minute) of each fan in the MFWT array for the (a) BLC, (b) ABL and (c) TS target flows.  
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turbulence and is reasonably expected. Similar turbulence intensity 
profiles and magnitudes are shown for both the TS and ABL profiles. 
Again, this matching was intentionally done so that subsequent wind 
loading comparisons could focus on the influence of mean velocity 
profile-shape effects and as much as possible rule out any influence that 
turbulence may have on those loads. 

The fluctuating wind speeds at elevations of z = 150 mm and z = 450 
mm are plotted in the format of wind speed spectra in Fig. 6. These 
heights coincide with the maximum mean wind speeds in the TS and 
ABL flows, respectively. The theoretical von Karman Spectra is also 
shown for comparison. As expected, the ABL and TS flows both show 
relatively low turbulence energies over the low frequency range before 
decreasing as n > 20 Hz. Given their low turbulence intensity values, it is 
also unsurprising that they sit well below the von Karman spectra of a 
generic atmospheric boundary layer. When comparing BLC results 
generated in the MFWT with the von Karman spectra, good replication is 
evident for the high frequency range above n ≈ 10 Hz, but the spectral 

energy is lower in the low-frequency range. This underrepresentation 
exists because the size of each of the 72 fan channels limits the maximum 
scale of turbulence that can be generated within the tunnel. Even with 
the triangular spires implemented to aid the generation of larger eddies, 
the turbulence in the approaching winds was unable to be built up to a 
scale that could match the low frequency range of the von Karman 
spectrum. Nevertheless, the inertial sub-range of the spectrum shows a 
nearly − 5/3 slope, implying that the BLC setting in the MFWT is still 
suitable for studying resonant response estimation of structures. 

2.2. Building model information 

The building model adopted in this study was the Commonwealth 
Aeronautical Advisory Research Council (CAARC) building (Wardlaw 
and Moss, 1970) with a 1/400 length scale, as shown in Fig. 7. A total of 
384 pressure taps were distributed at 11 elevations up the model and on 
the rooftop surface. The SCANIVALE micro-pressure scanning system 
simultaneously measured pressures over the model at a sampling rate of 
300 Hz for a period of 1200 s. Using length and velocity scales deter-
mined for the test, this corresponded to 120 runs of 10-min field sam-
ples, with this number collected to ensure statistical stability. Wind 
incidence was tested between 0 and 90◦ for the subsequent discussions 
of aerodynamic characteristics. Fig. 8 shows two views of the building 
model coordinate system, including the building model, the relative 
position of the building model and the 72 fans, and the angle of attack. 

2.3. Data processing 

Usually, measured pressures from a wind tunnel model are normal-
ized using the mean velocity pressure at the model height or free stream 
height to obtain aerodynamic coefficients. In boundary layer flows, the 
mean wind speed at the model height is the maximum value since it 
follows the power or logarithmic law. Applying this mean wind speed to 
discuss dimensionless aerodynamic characteristics, such as the pressure 
or force coefficient, is convenient. However, the maximum mean wind 
speed for the TS profile is near the ground (in this case, 1/3 the building 
height), with velocities at model eaves height approximately 60% of this 
maximum (Fig. 4). This means that if the traditional coefficient defini-
tion is applied, excessively large pressure and force coefficients will 
result and examining the profile-shape effects would be difficult. 

Fig. 3. Wind tunnel setup for the BLC flow case.  

Fig. 4. Vertical profiles of mean along wind, U, across-wind, V and vertical, W, wind velocities for BLC, ABL and TS flow cases.  
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Therefore, measured pressures are normalized by the corresponding 
maximum mean wind speeds, Umax, within each specific test case profile, 
using: 

Cp,i(t)=
pi,total(t) − pstatic

1/2ρU2
max

(2)  

where pi,total(t) is the measured instantaneous total pressure at the i-th 
tap on the model, pstatic is the mean reference static pressure, ρ is the air 
density (assumed to be 1.2 kg/m3), and Umax is the maximum mean wind 
speed for each test case. That is, the mean wind speed at the building 
height is adopted for the BLC and ABL flows, while for the TS flow, the 
mean wind speed at 1/3 building height is used. Given Umax = 10.5 m/s 
for all cases, resulting pressure coefficients are readily comparable 
across all test cases. The reference static pressures for the ABL and TS 

flows are measured by Cobra probes shown in Fig. 8(a) where corre-
spond to the maximum mean wind speeds. 

Force and moment coefficients are then calculated by integrating 
pressure coefficients over the model. Equations (3)–(5) are used to do 
this for forces in the building-relative x direction, Cfx(Z,t), at a given 
elevation Z, building-relative y direction, Cfy(Z,t), and moments around 
the z axis, Cmz(Z,t), respectively. 

Cfx(Z, t)=
∑m

i=1

(
Cp,i,Face A(Z, t) − Cp,i,Face C(Z, t)

)
•

(
Δwi

wAC

)

(3)  

Cfy(Z, t)=
∑n

i=1

(
Cp,i,Face B(Z, t) − Cp,i,Face D(Z, t)

)
•

(
Δwi

wBD

)

(4)  

Fig. 5. Vertical profiles of mean longitudinal, Iu, crosswind, Iv and vertical, Iw, turbulence intensities for BLC, ABL and TS flow cases.  

Fig. 6. Measured velocity spectra at (a) z = 150 mm and (b) z = 450 mm for the BLC, ABL and TS cases, with the von Karman Spectrum also shown.  
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Fig. 7. Diagram of the CAARC building model and its photo.  

Fig. 8. The coordinate system of the building model.  
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Cmz(Z, t)=
∑m

i=1

⎛

⎜
⎜
⎜
⎝

Cp,i,Face A(Z, t) •
(

Δwi

wAC

)

•

(
Δli

w∗

)

+

Cp,i,Face C(Z, t) •
(

Δwi

wAC

)

•

(
Δli

w∗

)

⎞

⎟
⎟
⎟
⎠

+
∑n

i=1

⎛

⎜
⎜
⎜
⎝

Cp,i,Face B(Z, t) •
(

Δwi

wBD

)

•

(
Δli

w∗

)

+

Cp,i,Face D(Z, t) •
(

Δwi

wBD

)

•

(
Δli

w∗

)

⎞

⎟
⎟
⎟
⎠

(5) 

In these equations, x is the direction perpendicular to Face A and C, y 
is the direction perpendicular to Face B and D, and z is the vertical axis 
(Fig. 7). Nine pressure taps were installed on Face A at each elevation, 
while on the opposite face, Face C, another nine taps were installed at 
corresponding positions. Therefore, to calculate the instantaneous wind 
force coefficient in the x direction at elevation Z, Cfx(Z,t), instantaneous 
pressure coefficient differences, Cp,i,Face A(Z, t) − Cp,i,Face C(Z,t), at nine tap 
positions (i = 1 ∼ m, m = 9) were weighted by their representative 
widths Δwi/wAC, and then summed over the model width. The above 
estimation process is repeated for the 11 tap ring elevations on the 
building model to show the wind forces in the x direction. Equation (4) 
follows the same concept for estimating the wind force coefficients in the 
y direction. Equation (5) describes the torsion coefficients around the z 
axis by summing up all the contributions from pressure taps at the same 
elevation. Δli represents the force arm from the tap to the geometric 
center of the cross-section. w∗ is the geometric mean of widths of Face A 
and B. Equations (6)–(8) are finally used to convert forces at each 
elevation to the overturning moment coefficients in the x and y di-
rections and about the z axis. 

CB,my(t)=
∑11

ring=1
Cfx(Z, t) •

(
Z
H

)

(6)  

CB,mx(t)=
∑11

ring=1
Cfy(Z, t) •

(
Z
H

)

(7)  

CB,mz(t)=
∑11

ring=1
Cmz(Z, t) (8)  

2.4. Response estimation 

In this study, wind-induced responses of a full-scale version of the 
CAARC building due to each of the different flows are estimated. All 
building information is given in Table 1 for converting the experimental 
aerodynamic features from lab scale to field scale. The CAARC building 
model is converted to a field-scale building at a length scale of 1/400 
and the mass density of the building is assumed to be 300 kg/m3. Since 
the first vibration mode of a high-rise building usually dominates the 
dynamics of the building, it is convenient to consider that only the first 
mode in the three directions contributes to the wind-induced responses. 

To simplify things here, we also assume the first mode is linear. The 
x-direction (the direction passing through Face A to Face C) funda-
mental frequency of the first mode for the CAARC building is assumed to 
follow the empirical formula of 50/H proposed by Tamura (2012). The 
x-direction fundamental frequency is 0.286 Hz. The y-direction (the 
direction passing through Face B to Face D) fundamental frequency is 
taken to be 0.315 Hz based on a convenient assumption of the 
depth/width ratio, while the fundamental torsional frequency, φ,
around the z-axis is assumed to be 1.5 times the frequency in the x di-
rection, i.e., φ = 0.429 Hz. In practice, the fundamental frequencies in 
the x-direction and y-direction are usually designed close to each other. 
Further, the fundamental frequency in the torsional direction is usually 
assumed to be 1.3–1.5 times the lower frequency of the two translational 
directions. The damping ratio is set to be 1% for all three directions. The 
lumped mass is 1.13 × 106 kg in the two translational directions, and the 
rotational inertial mass is 3.35 × 108 kg m2 in the torsional direction for 
each building floor. 

To generally discuss the profile-shape effects on the responses, the 
reduced velocity is assumed to vary from 4 to 8 in the following dis-
cussions, which corresponds to different design wind speed levels for the 
CAARC building. Table 2 lists the reduced velocities and corresponding 
information for response estimations. Equation (9) defines the reduced 
velocities in this study. 

Ur =
Umax

n∗ •
̅̅̅̅̅̅̅
BD

√ (9)  

where Umax is again the maximum mean wind speed for a flow case; n∗ is 
the lower fundamental frequency of two translational directions (in this 
case, n∗ = nx); 

̅̅̅̅̅̅̅
BD

√
is the characteristic width of the building. 

The spectral analysis method of a generalized single-degree-of- 
freedom system is applied to estimating the wind-induced responses. 
Equation (10) defines the governing equation of motion for a high-rise 
building under the assumption of a continuously mass-distributed 
linear system. 

m(z)ü(z, t) + cu̇(z, t)+ k(z)u(z, t) = f (z, t) (10)  

where m, c, k are the systematic mass, damping, and stiffness; u(z, t) is 
the lateral displacement against height z at time instant t, and f(z, t) is 
the external wind loading. Based on the orthogonality of vibration 
modes estimated from the eigenvalue analysis, Equation (10) can be 
further transformed to Equation (11), the generalized governing equa-
tion of the jth mode: 

M̃j
¨̃Uj(t)+ C̃j

˙̃Uj(t) + K̃jŨj(t) = F̃j(t) (11a)  

where 

M̃j =φT
j mφj C̃j = φT

j cφj K̃j = φT
j kφj F̃j(t) = φT

j f (t) (11b) 

In Equation (11), φj is the jth vibration mode and Ũj(t) is the jth 

Table 1 
Building information for conversion from lab-scale experiments.  

Geometry Width B (m) Depth D (m) Height H (m) 

Model (WT) 0.114 0.076 0.457 
Building (Field) 45.6 30.4 182.8 
Similarity factor (Length scale) λL 

1/400 
Sampling condition  Lab scale 

Rate nS 300 Hz 
Increment Δt 0.0033 s 
Recording T 1,200 s 

Mass density ρ = 300 kg/m3 mx,floor (kg) my,floor (kg) mφ,floor (kg⋅m2) 
1.13 × 106 1.13 × 106 3.35 × 108 

Tuned fundamental frequency* nx,field (Hz) ny,field (Hz) nφ,field (Hz) 
0.286 0.315 0.429  

Table 2 
Assumed reduced velocities and corresponding information.  

Maximum mean wind speed (Lab 
scale) Umax,lab (m/s) 

10.5 

Characteristics width 
̅̅̅̅̅̅̅
BD

√
(m) 37.2 

Fundamental frequency nx,field (Hz) 0.286* 

Reduced velocity Ur 8 7 6 5 4 
Maximum mean wind speed (Field 

scale) Umax,field (m/s) 
85.1 74.5 63.8 53.2 42.6 

Velocity scale factor λU 0.123 0.141 0.165 0.197 0.246 
Time scale factor λT (× 10− 2) 2.033 1.773 1.515 1.269 1.016 
Converted frequency nx,lab (Hz) 14.07 16.13 18.88 22.54 28.15 
Converted frequency ny,lab (Hz) 15.49 17.77 20.79 24.82 31.00 
Converted frequency nφ,lab (Hz) 21.10 24.20 28.32 33.81 42.22  
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generalized coordinate. Generally, for a high-rise building, the first 
model dominates its oscillation behavior when excited by earthquakes 
or winds. The first mode shape can be assumed to be φ1 = z/H for 
simplicity. The generalized force ̃Fj(t) in Equation (11) is then written in 
the format of the overturning moment in Equation (12). In this study, 
M(t) is the measured overturning moment, which for an angle of attack 
of 0◦ uses My(t) for the estimation of the along-wind response x, Mx(t) for 
the estimation of the across-wind response y, and Mφ(t) for the estima-
tion of the torsional response φ. H is the building height. 

F̃1(t)=
z
H

f (z, t) =
M(t)

H
(12) 

As a result, the governing equation of the motion for a high-rise 
building can be calculated using Equation (13) in conjunction with 
Equation (11). 

¨̃U(t) + 2ξ1ω1
˙̃U(t) + ω2

1Ũ(t) =
M(t)
M̃1H

=
qHBH

M̃1
CM(t) (13) 

In Equation (13), ξ1 is 1% damping ratio for x, y, φ responses. ω1 is 
the circular frequency of the first mode and ω1 = 2πn0. n0 can be 
replaced with nx, ny, nφ for x, y, φ responses. M̃1 is the generalized mass 
of the first mode and can be replaced with M̃1,x, M̃1,y, M̃1,φ for x, y, φ 
responses. The reference velocity pressure qH = 1/2ρUH

2 is qmax = 1/
2ρUmax

2, as defined in the denominator in Equation (2) in this study. 
CM(t) is the base moment coefficient and can be replaced with CB,My (t), 
CB,Mx (t), CB,Mz (t) for x, y, φ response estimations. The response variance 
obtained by integrating the response spectra can consist of two com-
ponents – the background and resonant components, Equation (14). The 
background component can be derived from the approaching fluctu-
ating wind based on the quasi-static assumption; the resonant compo-
nent is estimated by the narrow-band assumption of a Gaussian 
distributed variable. 

σ2
x =

(
qmaxBH2

(2πnx)
2M̃1,xH

)2[(
C′

B,My

)2
+

(
πnx

4ξ1

)

SC′
B,My

(nx)

]

σ2
y

=

(
qmaxBH2

(
2πny

)2M̃1,yH

)2[(
C′

B,Mx

)2
+

(
πny

4ξ1

)

SC′
B,Mx

(
ny
)
]

σ2
φ

=

(
qmaxBDH2

(2πnφ)
2M̃1,φH

)2[(
C′

B,Mz

)2
+

(
πnφ

4ξ1

)

SC′
B,Mz

(nφ)

]

(14) 

Together with Equation (14), the peak responses can be estimated by 
Equation (15) with the properly assumed peak factors. 

x̂ = x ± gxσx ŷ = y ± gyσy φ̂ = φ ± gφσφ (15) 

The sign ± in Equation (15) represents the possible maximum or 
minimum depending on the mean value. Results for wind incidence from 
0◦ to 90◦ are reported. The mean responses in the three building-relative 
directions are estimated by dividing the generalized mean forces by 
corresponding generalized stiffnesses, as defined in Equation (16). 

x=F1,x
/

K1,x y = F1,y
/

K1,y φ = F1,φ
/

K1,φ (16)  

where F1,x, F1,y, and F1,φ are the mean components of the generalized 
forces in the x, y, and φ directions (Equation (12)). K1,x, K1,y, and K1,xφ 

are the generalized stiffnesses. In this study, the mean responses in the x 
and y directions are translational displacements while the mean 
response in the φ direction is rotational angles. 

To integrate all the observed profile-shape effects caused by the nose- 
like flow, Equation (17) defines the construction of the x-direction peak 
response, an alternative expression from the conjunction of Equations 
(14) and (15). The symbol x in Equation (17) can be replaced with y or φ 
for the other two responses. The peak factor for the background 
component, gB, is assumed to be 2.5 for a 10-min field sample (Tamura 
and Kareem, 2013). The peak factor for the resonant component, gR, is 

calculated by Equation (18), where T equals 600 (seconds) and n0 is 
fundamental frequencies nx, ny, nφ in the x, y, φ directions. 

x̂ = x ±
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gB

2σx,B
2 + gR

2σx,R
2

√
(17a)  

where 

σx,B
2 =

(
qmaxBH2

(2πnx)
2M̃1,xH

)2[(
C′

My

)2
]

(17b)  

σx,R
2 =

(
qmaxBH2

(2πnx)
2M̃1,xH

)2[(
πnx

4ξ1

)

SCMy
(nx)

]

(17c) 

and 

gR =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 ln(noT)

√
+

0.577
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 ln(noT)

√ (18)  

3. Results and discussions 

3.1. Aerodynamic force characteristics 

3.1.1. Mean pressure coefficients 
The ensemble averages of 120 mean pressure coefficients from the 

120 10-min equivalent records are plotted into contours in Fig. 9 for the 
(a) BLC, (b) ABL, and (c) TS flows at the angle of attack = 0◦, i.e., the 
depth/width ratio = 0.67. Note that contours are only shown for the 
area of each face that had pressure taps, so do not extend to the ex-
tremities of each. The mean pressure coefficients over the windward 
faces generally follow the profile shapes of approaching winds for each 
case. That is, for the BLC and ABL cases, pressure coefficients are largest 
near the top of the face (~0.85H, similar to that shown in Baines (1963)) 
as this is where velocities are highest, while for TS, the peak pressure is 
at an elevation of approximately H/3, which mimics the peak in the TS 
velocity profile. When inspecting the BLC and ABL results in more detail 
though, despite no apparent discrepancies in the mean wind speed 
profiles (Fig. 4), it is found that high positive pressure coefficients 
extend further down the face in the ABL flow than in the BLC flow. The 
higher turbulence intensities in the approaching winds of the BLC flow 
thus appear to affect the mean pressure coefficient gradient on this face. 
We speculate that the higher turbulence encourages flow to be more 
readily diverted down the face (or down and around) rather than 
directly around the building, thus leading to a smaller stagnation region 
in the BLC flow. 

Inspecting the side (B and D) and leeward (C) faces, which for an 
angle of attack of 0◦ lie within the separated wake, similar coefficient 
distributions are shown for the BLC and ABL cases. However, pressure 
coefficients on both the side and leeward face are approximately 
10–20% lower (i.e., higher suction pressures) for the ABL case. This is 
thought to occur because the increased turbulence in the BLC case al-
lows for greater entrainment of fluid into the wake region, which 
consequently increases the pressures in this region (Hearst et al., 2016). 
For both cases, suction pressures show a maximum near the base of the 
side wall and at the trailing edge of the upper region of the side and 
leeward faces. A minimum in suction pressures is also observed near the 
center of the leeward wall, as evident in many previous studies of the 
CAARC building (e.g., Tanaka and Lawen, 1986). Pressure coefficients 
on the wake faces for the TS case are, however, considerably different. A 
decreasing pressure gradient is observed from the leading edge at the 
base of the side wall to the trailing edge at the top of the wall. An in-
crease in pressure with elevation on the leeward face is also evident. The 
presence of the maximum pressures on the side and leeward faces at 
similar elevations, located just below the elevation of the maximum 
windward face pressures, does suggest similar flow mechanisms may 
exist. Here it is hypothesized that these maxima are, as in the earlier 
cases, linked to flow being directed downward below the stagnation 
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region and around the side of the model. Despite this similarity, though, 
a notably different wake appears to develop for the TS case when 
compared with both BLC and ABL flow cases. The mean pressure co-
efficients over the side face in the TS flow are more like that in the BLC 
flow. An evident decreasing tendency is observable when the elevation 
decreases. The BLC and ABL flows share a radial pattern in their mean 
pressure coefficients over the leeward face. The latter indicates larger 
negative pressure coefficients. Unlike the BLC and ABL flows, a stepwise 
gradient distribution is shown in the TS flow. As the elevation increases, 
the negative pressure coefficient magnitude increases, followed by the 
gradient lines over the side faces. When the angle of attack turns 90◦, i. 
e., the depth/width ratio = 1.5, patterns in mean pressure distributions 
in Fig. 10 remain similar to 0◦, particularly on the windward face, but 
some differences in the distribution magnitude over the wake faces is 
observed. 

3.1.2. Fluctuating pressure coefficients 
Fluctuating (Root-mean-square) pressure coefficients over the sur-

faces of the building model with an angle of attack = 0◦ are presented in 
Fig. 11. The windward face of the BLC flow shows a relatively uniform 
distribution of R.M.S pressure coefficients, but with values 2–3 times 
higher than for than the ABL or TS flow. This difference in values reflects 
the distribution of turbulence intensities shown in Fig. 6, with the 
increased turbulence in the BLC flow leading to higher buffeting effects 
on the body. Over the side faces, the three flows show symmetric but 
different distribution patterns of R.M.S values. In the BLC flow, high R. 
M.S pressure coefficients are found near the middle area of the building 
side faces, and it is seen that the nearer to the rear edge of the side face, 
the higher the fluctuations are (at least at higher elevations). In the ABL 
flow, the R.M.S coefficients decrease up the height of the model, forming 
clear horizontal gradient lines. This observation again supports the 
assertion made when viewing the mean pressure coefficients that 
despite similar flow structures being developed around the model in the 
ABL and BLC cases, the increase turbulence in the BLC flow does lead to 
some modification of the flow field. Compared with the ABL and BLC 
flows, the TS results show relatively small magnitude R.M.S values over 
the side faces with values similar to the fluctuations on the windward 
face observed. This suggests a more stable flow regime is setup for this 
flow case and may point to a reduced presence and influence of cross-
wind loading processes, such as vortex shedding. This will be explored 
further in later sections of this paper. Further discrepancy between flow 
cases is seen in the R.M.S pressure coefficient distributions in the 
leeward faces. The highest values for both the BLC and ABL cases are 
seen on the sides of the face with a minimum in the center of the face 
over the height of the model. This pattern, along with that observed in 
the mean pressure coefficient distribution, suggests the presence of 
vertical vortices in the wake and is expected for this type of structure. 
However, no such distribution is observed for the TS case and the weak 
observed wake fluctuation will inevitably result in weaker fluctuating 
along-wind force and reduce the contribution from the background 
winds. 

In Fig. 12, the R.M.S pressure coefficients of the building model with 
the angle of attack = 90◦ are presented to examine the depth/width ratio 
effects in the ABL and TS flows. Influenced by the turbulence intensities 
in the approaching winds, the R.M.S pressure coefficient distributions 
over four faces in the BLC flow are similar to those with the angle of 
attack = 0◦ in Fig. 11. However, for the ABL flow, the R.M.S pressure 
coefficient distributions over the side faces (A and C) are more like those 
in the BLC flow, albeit at about 50–60% of the magnitude, rather than 
retaining the same features as observed in the ABL flow with the angle of 
attack = 0◦. Meanwhile, the distributions over the windward and 
leeward faces for the BLC and ABL flow conditions remain relatively 
consistent whether the angle of attack is 0◦ or 90◦. The TS flow has the 
same R.M.S pressure coefficient distribution over the windward face 
whether the angle of attack = 0◦ or 90◦. On the side faces, a horizontal 
gradient of the R.M.S coefficients remains, with increasing values 

Fig. 9. Contours of mean pressure coefficients for BLC, ABL, and TS flows with 
the angle of attack = 0◦ Blue triangle indicates the windward face. 
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Fig. 10. Contours of mean pressure coefficients for BLC, ABL, and TS flows 
with the angle of attack = 90◦ Blue triangle indicates the windward face. 

Fig. 11. Contours of R.M.S pressure coefficients for (a) BLC, (b) ABL, and (c) TS 
flows with the angle of attack = 0◦. Blue triangle indicates the windward face. 
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towards the rear edge. The more uniform distribution up the leading 
edge of these faces when compared with 0◦ suggests greater organiza-
tion of flow in this region for this angle of incidence. The distribution 
over the leeward face shows small fluctuations at elevations near that of 
Umax and large fluctuations near the top of the model. Even though the 
leeward face has a relatively narrower area, the distribution of the R.M.S 
coefficients form a noticeably different pattern to the BLC and ABL flows 
and a somewhat different distribution to that seen for an angle of attack 
= 0◦. Such observations indicate that differences in loading, and 
therefore by inference the flow structures that induce it, is dependent 
not only on the flow case but also the angle of attack = 0◦ and 90◦, i.e., 
the depth/width ratio effects. 

3.1.3. Mean force coefficients 
Fig. 13 shows the mean wind force coefficients calculated for each 

level of taps on the model building using Equations (3) and (4) for the 
angles of attack = 0◦ and 90◦ and the three flow cases. In the along-wind 
direction, the ABL flow with the angle of attack = 0◦ has larger mean 
wind force coefficients (Cfx in Fig. 13(a)) over the building height range 
than the BLC and the TS flows, which corresponds well with the larger 
negative pressures indicated in the leeward face in the ABL flow in 
Fig. 10. When the angle of attack turns to 90◦ (Cfy in Fig. 13(b)), the 
discrepancy between the ABL and the BLC flow results is reduced, but 
the same profile shape is maintained and the almost uniform offset be-
tween the two is maintained. For the low turbulence cases, ABL and TS, 
unlike for the angle of 0◦ where Cfx is consistently higher for the ABL 
flow case, mean force coefficients over the lower half of the model in the 
90◦ TS flow exceed that in the ABL flow. This again shows that the 
building depth/width ratio as well as the velocity profile shape can 
result in different along-wind forces distributions on the model. As ex-
pected for symmetrically loaded structures, forces in the across-wind 
and torsional directions (Cfy, Cmz in Fig. 13(a) and Cfx, Cmz in Fig. 13 
(b)) show relatively consistent and nearly zero values for both angles of 
attack, irrespective of the depth/width ratio. 

3.1.4. R.M.S force coefficients 
Fig. 14 shows the root-mean-square (R.M.S) values of fluctuating 

wind force coefficients with the angle of attack = 0◦ and 90◦ for the three 
flows. In the along-wind direction, the BLC flow has higher RMS values 
over the building height than the other two flows, as expected. 
Comparing the ABL and TS flows with two different angles of attack 
indicates that the depth/width ratio of the building cross-section once 
again alters the significance of fluctuating forces. A higher R.M.S coef-
ficient distribution is seen in the ABL flow with a smaller depth/width 
ratio (angle of attack = 0◦), particularly near the base of the model. The 
TS flow results, while being of lower magnitude than ABL and BLC re-
sults, show values two to three times higher for the 90◦ case. This is 
particularly true over the lower part of the model where the fluctuating 
pressure coefficient values were noted to be small for the 0◦ orientation. 
The BLC flow has a more significant R.M.S value at the lower half of the 
building height range with the angle of attack = 0◦; however, higher R. 
M.S values are more concentrated at the middle range of the building 
height. Like the BLC flow, the ABL flow has the same patterns with the 
angles of attack = 0◦ and 90◦. The ABL flow has even higher R.M.S 
coefficients with the angle of attack = 0◦ than the BLC flow but less 
significant R.M.S coefficients when the angle of attack turns 90◦. The R. 
M.S force coefficients in the torsional direction generally follow the 
tendencies seen in the across-wind direction given the same flow 
structures (e.g., vortex shedding) primarily drive these two loads. 

3.1.5. Spectra of overturning moment coefficients 
Figs. 15 and 17 show the spectra of overturning moment coefficients 

in the along-wind, across-wind, and torsional directions for the angles of 
attack = 0◦ and 90◦. Here the spectra of overturning moment co-
efficients are obtained by calculating the power spectral densities of the 

Fig. 12. Contours of R.M.S pressure coefficients for (a) BLC, (b) ABL, and (c) TS 
flows with the angle of attack = 90◦. Blue triangle indicates the windward face. 
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overturning moment coefficients at the building base (Equations (6)– 
(8)). 

The along-wind moment coefficient spectra are plotted in Fig. 15(a). 
Comparing the spectra for BLC and ABL cases, when the turbulence in-
tensities in the approaching winds are low (i.e., ABL), the along-wind 
force coefficient spectrum shifts downward and shows a relatively 
sharp peak at 19.3 Hz. Given the relatively similar distribution of mean 
pressure for these two cases shown in Fig. 10, the presence of the along- 
wind peak in only one was unexpected. To investigate how this spectrum 
peak forms, the decomposed force coefficient spectra of Face A and Face 
C representing the windward force and the leeward spectra are shown in 
Fig. 16. From this figure it is evident that the peak is entirely driven by 
the building wake. It is also evident that the leeward face exhibits its 
peak at a frequency double that shown for the across-wind moment 
coefficient spectra in Fig. 15(b). This is a clear signature of the vortex 
shedding process, with some coupling of the along- and across-wind 

loading in this case. Although in the BLC flow the leeward face also 
exhibits a small peak, the dominant windward face obviously reduces 
the wake effect on the along-wind moment coefficient spectra. 
Continuing to inspect the across-wind spectra, the BLC case also shows a 
clear spike in the spectra but with a slight difference in shedding fre-
quency than the lower turbulence ABL case. Interestingly, the along- 
wind and across-wind base moment coefficient spectra in the TS flow 
are both lower than in the other cases. There is no apparent peak near 
the same shedding frequency as the other two flows, which supports the 
earlier assertion that TS flow does not allow the same vortex structures 
to develop around the model as in the other cases. Practically, this seems 
to suggest that cross-wind forcing may be reduced in thunderstorm 
generated winds, assuming that a peak in the velocity profile exists 
below the height of a building. In Fig. 15(c), the same shedding fre-
quencies of 9 Hz and 9.7 Hz are observed in the torsional moment 
spectra for the BLC and ABL flows as seen in Fig. 15(b) for the cross-wind 

Fig. 13. Mean force coefficient distributions for BLC, ABL, and TS flows with an angle of attack of (a) 0◦ and (b) 90◦.  
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moment. It is also of interest to note that a peak is evident at the triple 
frequency value of the shedding vortex at 28.8 Hz, which is possibly due 
to the coupling effects of the across- and torsional loading in the ABL 
flow. Coupling peaks observed in Fig. 15(a) and (c) explain how tur-
bulence differences between the BLC and ABL flows affect the interac-
tion behavior of vortex and wake formed around the building As for the 
TS flow, the spectrum shows a relatively significant drop from the other 
three flow cases. Although not dominant, two mild humps at the shed-
ding frequency and the triple frequency can be observed. 

Fig. 17 shows the base moment coefficient spectra of the model with 
the angle of attack = 90◦. Fig. 17(a) shows that all three flows now 
exhibit peaks in the cross-wind direction at close but not identical fre-
quencies (10.4–11.5 Hz). The differences observed between the ABL and 
BLC results are believed to be linked to the differing characteristics of 
the incident turbulence in these two flow cases (Nakamura and Ohya, 

1984). In addition, compared to Fig. 15(b), the identified shedding 
frequencies for the BLC and ABL flows are 5–10% higher when the angle 
of attack = 90◦. This increase is expected given the reduction in the 
cross-section width for this angle of attack (Choi and Kwon, 2003). 
Interestingly, the TS flow now produces a peak at approximately the 
same frequency as in the ABL flow. Comparing Figs. 15(b) and 17(a) 
shows that the TS flow exhibits different behavior when the angle of 
attack changes. To explore this, Fig. 18 shows the across-wind force 
spectra at several elevations for the two angles of attack. When the angle 
of attack equals 0◦, force coefficient spectra at building elevations below 
150 mm (approximately the elevation of the maximum in velocity 
profile, Fig. 4) show observable peaks while no clear peak can be found 
at higher building elevations. On the contrary, when the angle of attack 
equals 90◦, all force coefficient spectra at various heights generally 
exhibit peaks, resulting in the dominant spectrum peak in Fig. 17(b). In 

Fig. 14. R.M.S force coefficient distributions for BLC, ABL, and TS flows with an angle of attack of (a) 0◦ and (b) 90◦.  
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Fig. 17(b), the along-wind force coefficient spectra are plotted. With a 
larger depth/width ratio of the cross-section, the wake behind the 
building in the ABL flow does not show a double frequency peak due to 
the shedding vortex, leading to a generally smaller spectrum area for the 
across-wind force spectrum in the ABL flow. The torsional spectra in 
Fig. 17(c) differ from those in Fig. 15(c). A hump with a broader fre-
quency range replaces the sharp spectrum peaks near the shedding 
frequencies for the two BLC flows. The spectrum peak at 11.3 Hz for the 
ABL flow remains, and a slight hump in the TS flow is still observed. On 
the other hand, all three flows have higher spectrum values in Fig. 17(c) 
within a broader and higher frequency range, the triple frequency area, 
than in Fig. 15(c). 

3.2. Wind-induced responses 

Previous sections have examined the aerodynamic characteristics 
due to the BLC, ABL, and TS flows. This section focuses primarily on the 
two low turbulence flow cases, ABL and TS, and explores how the 
response of the full-scale CAARC building would vary for these two types 
of wind field. Results for the BLC flow are, however, included in figures 
as a background reference. Results discussed include the mean re-
sponses, the background component responses, the resonant component 
responses under different reduced velocities, and the peak responses. 
Results for wind incidence from 0◦ to 90◦ are reported and discussed. 

Fig. 15. Spectra of the (a) along-wind, (b) across-wind and (c) torsional base moments for BLC, ABL, and TS flows with the angle of attack = 0◦.  

Fig. 16. Decomposed along-wind moment coefficient spectra for BLC and ABL flows with the angle of attack = 0◦ (Left: Face A; Right: Face C).  
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3.2.1. Mean responses 
Fig. 19 shows the mean responses in the simulated flows with respect 

to the variation of the angle of attack. The mean components of gener-
alized responses are independent of reduced velocities, so only one 
curve is shown for each flow type. The mean responses in the ABL flow 
are generally larger than those in the TS flow when the dominant 
loading is in the along-wind direction. Among the x-direction responses, 
the exception to this observation is for mean responses with the angle of 

attack = 70◦ and 75◦ where the TS flow are slightly larger than in the 
ABL flow. Displacements are very low for these angles though so are of 
less concern from a loading standpoint. Similarly, the mean responses in 
the y-direction with the angle of attack = 10◦–15◦ in the TS flow are 
slightly larger than those in the ABL flow. Torsional responses, φ in the 
TS flow exceed the ABL rotation only for the angle of attack of 85◦. Other 
angles exhibit the same extent of results as the ABL flow. BLC results 
match TS responses across most angles and were generally less than in 
the lower turbulent ABL flow case. 

3.2.2. Background component responses 
Fig. 20 shows the square root of the first term in the bracket of 

Equation (14), C′
B,M, used to estimate the background component re-

sponses. Similar to the mean component responses, the background 
component responses are independent of the reduced velocities so only 
one curve is shown for each flow case. Among the x and y directions, the 
background component responses in the ABL flow are generally larger 
than, or at least equal to, those in the TS flow. For the torsional response, 
this generality remains except when the angle of attack is near 75◦. 
Given that the TS and ABL flows simulated in this study have lower 
turbulence intensities in the approaching winds responses for both are 
lower than in the BLC flow, though this doesn’t hold for all angles or all 
responses. 

3.2.3. Resonant component responses 
The resonant component responses in the TS and ABL flows are 

compared through the second term in the bracket of Equation (14), 
(SCB,M (n0))

0.5. The dependence of this term on the fundamental fre-
quencies of the building means different reduced velocities will generate 
different results so results for a series of reduced velocity are discussed. 
Fig. 21 shows the distributions of the squared spectrum values in the 
three directions with respect to the reduced velocity. In the x direction, 
the resonant component response in the TS flow is found to be larger 
than the ABL results with the angle of attack = 25◦–45◦ when the 
reduced velocity is 8 and 40◦, 70◦, and 75◦ when the reduced velocity is 
4. It is also interesting to point out that when the angle of attack =
0◦–15◦, under the condition of the lower turbulence intensities in the 
approaching winds, the reduced velocity of 5 produces a fundamental 
frequency closer to the shedding frequency shown in Fig. 15(a). As such, 

Fig. 17. Spectra of the (a) along-wind, (b) across-wind and (c) torsional base moments for BLC, ABL, and TS flows with the angle of attack = 90◦.  

Fig. 18. Across-wind force coefficient spectra at different elevations for TS 
flow. (zmax = 150 mm is the height where Umax occurs). 
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the wake frequency on the leeward face results in a larger squared 
spectrum value for the resonant component response. In the y direction, 
the differences in the squared spectrum values between the TS and ABL 
flows are less than in the x direction except for the angle of attack =
0◦–10◦. The squared spectrum value decreases with the reduced velocity 
in the ABL flow at all angle ranges. Most cases in the TS flow have the 
same tendency. Although insignificant, the angle of attack = 20◦, 35◦, 
and 70◦ shows that the largest resonant component response occurs 
when the reduced velocity is 7 instead of 8. The torsional response over 
the range 25◦–60◦ in the TS flow are found to be larger than the ABL 
flow, and the differences caused by the reduced velocities are smaller, 
especially when the reduced velocity is larger than 5. When the angle of 
attack = 10◦ and 15◦, the reduced velocity of 6 in the ABL flow produces 

the largest squared spectrum value, addressing again the effects caused 
by the lower turbulence intensity in the approaching winds. Resonant 
responses in all directions are greater for BLC conditions than for ABL or 
TS wind conditions. 

3.2.4. Peak responses 
The profile-shape effects caused by the nose-like flow have been 

examined component by component in the previous sections. It was 
found that only for a limited number of angle of attack the TS flow 
generated more significant responses in different components than the 
ABL flow. However, for directions where response is greatest the ABL 
flow leads to greater responses. 

Fig. 22 shows the peak responses with respect to the angle of attack 

Fig. 19. Mean responses in the (a) x-direction, (b) y-direction and (c) torsion.  
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under various reduced velocities. The integrated responses in the three 
directions share the same tendency that the response magnitude in-
creases as the reduced velocity increases. For the x-direction peak re-
sponses, the distributions of the TS flow are generally slightly lower than 
those of the ABL flow, except for the angle of attack = 70◦–75◦ where 
they are marginally higher. For the y-direction peak responses, the 
distributions of the TS flow exhibit lower values without exception for 
all angles of attack. However, when the angle of attack is around 0◦–10◦, 
the TS flow produces considerably lower responses than the ABL case. 
The reason for this reduction can be linked back to results shown in 
Fig. 15(c), where no peak is shown due to vortex shedding from the 
building and the overall spectrum values are extremely low. The peak 
torsional responses exhibit the same pattern as that in the y direction 

when the angle of attack = 0◦–10◦. The angle range between 30◦ and 65◦

is identified to have larger peak responses in the φ for the TS flow when 
compared with the ABL flow. Two ranges are confirmed for the x-di-
rection and the φ-direction peak responses. The former is 70◦–75◦ while 
the latter is 30◦–65◦. From the viewpoint of engineering practice, 
although these two ranges of the angle of attack produce larger re-
sponses due to the nose-like profile flow, the corresponding response 
magnitudes are still smaller than other angles. Peak responses for the 
BLC flow case were uniformly larger than both other cases through all 
angles of attack. 

Fig. 20. Background component responses in the (a) x-direction, (b) y-direction and (c) torsion.  
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Fig. 21. Resonant response in the (a) x-direction, (b) y-direction and (c) torsional for various reduced velocities.  
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Fig. 22. Peak response in the (a) x-direction, (b) y-direction and (c) torsional for various reduced velocities.  
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4. Conclusions 

This study examined the influence of incident velocity profile shape 
on the pressure distribution and estimated response of a generic tall 
building. This was done for the well-studied CAARC building subjected 
to three different flow fields, two with a mean velocity profile that re-
sembles an ‘open terrain’ atmospheric boundary layer (BLC, ABL) and 
one that resembles a thunderstorm outflow-like wind field (TS). All tests 
were carried out in a multiple-fan wind tunnel at Tamkang University. 
The main findings of this research are: 

1. The multiple-fan wind tunnel (MFWT) is a versatile tool for gener-
ating a range of desired wind fields. However, given the size of fans 
used in these tunnels, generation of the low frequency large scale 
gusts expected in an atmospheric boundary layer is challenging. 

2. Notably different mean and fluctuating pressure coefficient distri-
butions on the model building were observed for all three incident 
velocity fields with angles of flow incidence of 0◦ and 90◦. Differ-
ences were noted between the two boundary layer profiles (BLC, 
ABL) on both the windward and wake region faces, with these 
attributed to inferred changes in the flow patterns around the 
building below the windward face stagnation zone and changes in 
the entrainment of flow into the wake due to differing levels of 
turbulence in the two fields. Differences in coefficients on the 
windward face between the simulated outflow-like wind field (TS) 
and the boundary layer fields could largely be explained by the dif-
ferences in dynamic pressure in the incident velocity field. This 
observation supports findings from previous studies in boundary 
layer and uniform flow wind fields (Baines, 1963). Coefficient dis-
tributions on the other building faces were less easily linked to the 
incident velocity fields because of the differing wakes generated 
behind the body for each flow case and angle of incidence. Further 
research is required to characterize the dynamic flow structures in 
these wakes to better explain the observed loading patterns. 

3. When estimating the wind-induced response (i.e., lateral displace-
ments and torsional rotation) of the CAARC building to the three 
incident flow fields across a range of reduced velocities and wind 
incidence angles, the nose-like flow field (TS) led to lower responses 
in almost all cases. Differences between the response measured in the 
TS and ABL wind fields were most substantive for angles of attack 
between 0◦ and 15◦ where the width/depth dimension (and there-
fore wake width) of the building was greatest. Outside this angle 
range, peak TS responses were on average approximately 9% lower 
in the x direction, 10% lower in the y direction, and 3% lower in the 
rotational direction, than in the simulated ABL flow. Further, by 
dividing the estimated response into its mean, background and 
resonant components, it was found that much of the difference be-
tween flow fields was in the resonant component responses rather 
than the mean and background responses. 

Much research remains to understand the loading of buildings during 
thunderstorm-generated wind events. Exploration of mean and dynamic 
load and response characteristics for a range of building geometries and 
for the range of transient velocity profiles potentially generated during 
outflow events – well beyond the single simplified steady flow case 
tested here - will be essential for adequately quantifying the kinematic 
load effects required for wind loading models such as that proposed by 
Kwon and Kareem (2009). While only a limited number of flow fields 
were examined here, it is believed that the important role of the wake 
structure in defining the resulting loading on the faces within this re-
gion, highlighted in this research, is an important step for guiding future 
research in this field. Additionally, the noted reduction in dynamic 
across-wind loading in the simulated outflow-like wind field when 
compared with generic boundary layer winds is an observation that 
warrants further exploration as to its generality. 
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