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Aerodynamic damping in certain conditions appears to have a negative value, which increases the dynamic response of a tall
building. Six single-degree-of-freedom (SDOF) aeroelastic models of tall buildings with typical cross sections (square, square with
concave or bevel corners, and rectangular) are tested in a wind tunnel with a suburban terrain flow field condition.The along-wind
and across-wind aerodynamic damping ratios of the tall buildings are identified by using the eigensystem realization algorithm
(ERA) method in conjunction with the random decrement technique (RDT). The effects of wind speed, corner modifications
(concave or bevel corner), side ratio, and wind direction on the aerodynamic damping are studied.The results indicate that in most
cases the along-wind aerodynamic damping is positive and gradually increases with the increase of reduced wind speed (𝑈

𝑟
). The

across-wind aerodynamic damping is likewise a positive value at low 𝑈
𝑟
in most cases, but suddenly becomes negative when 𝑈

𝑟

becomes greater than 10.5 for the square cross-section building.

1. Introduction

With the application of new materials and advanced tech-
nologies, modern tall buildings are becoming lighter and
more slender than their predecessors, and thereby more
sensitive to wind excitation. Aerodynamic damping may
play an important role in estimating the dynamic response,
especially in the wind excited across-wind dynamic response
of tall buildings. Aerodynamic damping appears to have a
negative value in certain conditions, which increases the
dynamic response of the building.

Davenport [1], Holmes [2, 3], and Gabbai and Simiu
[4] proposed a few methods to calculate the aerodynamic
damping of high-rise structures for specific cases based on the
quasi-steady assumption. The aerodynamic damping of tall
buildings were mainly identified through wind tunnel tests
because the along-wind and across-wind vibrations of tall
buildings are highly complicated in the turbulent flow field,
and the drastic change of the aerodynamic damping occurs
at a high reduced velocity.

Kareem [5] pointed out that the effect of aerodynamic
damping on the wind-induced vibration of high-rise build-
ings is not always negligible. He compared the responses of

the buildings that were calculated in terms of the pressure
distributions obtained from the wind tunnel tests of their
rigid models with those from aeroelastic model tests. The
across-wind aerodynamic damping of buildings appeared
to have a negative value sometimes, which significantly
increases the vibration amplitude of the building.

A number of studies on aerodynamic damping were
then performed. Most of the researchers focused on the
aerodynamic damping of square cross-section buildings [6–
11]. Watanabe et al. [9] proposed an empirical aerodynamic
damping function for tall buildings and prisms, including
the effects of the tip amplitude, aspect ratio, shapes of cross-
section, and turbulence intensity of the flow field. Quan
et al. [11] studied the effects of the reduced wind velocity,
terrain type, and structural damping ratio on the aerody-
namic damping, which allowed the researchers to derive
the formulas of across-wind and along-wind aerodynamic
damping ratios of the square super high-rise building.

The cross-section shape highly impacts the aerodynamic
damping of tall buildings. As such, Hayashida et al. [12],
Marukawa et al. [8], Cheng and Chiang [10], and as
some other researchers studied the aerodynamic damping
of nonsquare cross-section buildings. Marukawa et al. [8]
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Figure 1: Simulated wind parameters of the suburban terrain: (a) profiles of mean wind velocity and turbulent intensity; and (b) power
spectral density of fluctuating wind velocity.

investigated the aerodynamic damping characteristics of
high-rise buildings with a rectangular cross-section (side
ratio of 0.33 to 3) by using wind tunnel tests. An aeroelastic
stick model and the random decrement technique (RDT)
were applied to estimate the damping ratios. RDT is widely
used to evaluate aerodynamic damping ratios from the
random vibration responses of structures excited by random
wind loads [11, 13–15], but the accuracy of this technique
may not be satisfactory if data length is insufficient or if
the structural modes of the models are not well-separated
during vibration [16]. In the current paper, a time domain
method, eigensystem realization algorithm (ERA) is used
in conjunction with the RDT technique to identify the
aerodynamic damping ratios. The ERA does not require
excessively long data and the experiment results demonstrate
that the ERA + RDT approach is efficient and can provide
more precise results.

Studies on the aerodynamic damping of tall buildings
are generally limited, and only discrete test results were
presented. In the present research, six single-degree-of-
freedom (SDOF) aeroelastic models of tall buildings with
typical cross-sections (square, square with concave or bevel
corners, and rectangular) were tested in a wind tunnel with
a suburban terrain flow field condition. The effects of wind
speed, concave or bevel corner, side ratio, and wind direction
on the along-wind and across-wind aerodynamic damping
are studied by using the ERA + RDT method to evaluate
the aerodynamic damping ratios. Several conclusions were
eventually obtained.

2. Experimental Setup

2.1. Simulation of Wind Characteristic. The test was carried
out in the TJ-1 Boundary Layer Wind Tunnel with a working
section of 1.8m in width and 1.8m in height as well as a
wind speed ranging from 3m/s to 32m/s. A 1 : 500 scaled

wind model of the natural wind flow over a suburban terrain
(terrain categoryCbased on theChinese load codeGB50009-
2012) was simulated in the wind tunnel. The exponent of
the mean wind profiles for the suburban terrain was 0.22,
and the corresponding gradient height was 450m. The wind
characteristic was achieved by combining turbulence gener-
ating spires, a barrier at the entrance of the wind tunnel, and
roughness elements along the wind tunnel floor upstream of
the model. Figure 1 shows the simulated mean wind velocity
profile, turbulent intensity profile, and power spectral density
of the fluctuating wind velocity at the model height in the
wind tunnel.

2.2. Building Models. The building models had a height of
60 cm, which represents a height of 300m for real buildings
(i.e., a length scale of 1 : 500). The wind velocity scale of
the wind tunnel test was set as 1 : 8. The other scales, such
as for structural mass and frequency, were correspondingly
determined based on the above basic scales 𝐶

𝑉
and 𝐶

𝐿
.

Therefore, the mass and frequency as well as time scales were
𝐶
𝑚
= 1.25 × 10

8, 𝐶
𝑓
= 62.5, and 𝐶

𝑡
= 1/62.5, respectively.

The structural parameters of the typical super high-
rise building should be initially determined to reasonably
investigate the effects of the factors on aerodynamic damping.
Firstly, in terms of investigations of a great number of tall
buildings in Japan [17], the first translation mode natural
frequency (𝑓

1
) of common high-rise buildings with a height

of 300m is estimated to be

𝑓
1
=

1

0.015𝐻
∼

1

0.02𝐻
= 0.167 ∼ 0.222Hz (1)

In addition, average mass densities of common high-
rise buildings are usually 160 kg/m3 to 240 kg/m3. The mass
density of a typical building in this paper was set as 180 kg/m3
because super high-rise buildings were prone to being light.
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Table 1: Dimensions of the models.

Case Height of model (cm) Cross section (cm) Corner modified Frequency (Hz)
𝑓
𝑥

𝑓
𝑦

A 60 10 × 10 — 20.0 12.2
B 60 10 × 10 Concave corner 10% 20.0 12.2
C 60 10 × 10 Bevel corner 10% 20.0 12.2
D 60 10 × 15 — 19.0 11.7
E 60 10 × 20 — 17.8 11.2
F 60 10 × 30 — 16.1 10.4
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Figure 2: Cross sections of the six models (unit: cm).

In this study, the parameters of the six SDOF aeroelastic
models (A to F) are listed in Table 1, and the cross sections
are presented in Figure 2. Six kinds of cross sections, namely,
square, square with concave or bevel corners, and rectangular
(side ratio 𝐷/𝐵 of 0.3 to 3) were tested to study the aerody-
namic damping of typical tall buildings.

The square prism model (Case A) is the basic one of the
six models. This model had dimensions of 0.1m (𝐵) × 0.1m
(𝐵)× 0.6m (𝐻), which represents a real buildingwith a height
of 300 m and a breadth of 50 m. The mass densities of the
buildings (𝜌

𝑠
)were all set as 180 kg/m3. The critical structural

damping ratio (𝜁
𝑠
) of the model was set as 1.2%, whereas the

critical structural damping ratios (𝜁
𝑠
) of the other models

were set as 1.1%.The first mode frequencies for free vibrations
at the 𝑥 and 𝑦 directions are shown in Table 1.

Figure 3 shows the specially designed supporting base
of the aeroelastic model, where the rigid building model
could vibrate in two perpendicular directions under wind
actions [11, 18, 19]. The required mass and stiffness can be
achieved by selecting appropriate mass blocks and springs,
respectively. Structural damping ratios can be simulated
by selecting damping cards of proper size and depth for
immersion into the oil pool. In the wind tunnel test, the
damping cards were bent toward their vibration direction
in the oil pool to ensure that the structural damping ratios
are independent from their vibration amplitudes. Two mini-
accelerometers were perpendicularly mounted on top of the
model tomeasure the along-wind and across-wind responses.
The testing wind velocity at the level of the model height
(𝑈
𝐻
) ranged from 4m/s to 16m/s. The data were recorded

for a sampling duration of 87.38 seconds at a sampling rate of
375Hz; that is, 32768 data were recorded for each channel.

3. Methods for Identifying
Aerodynamic Damping

The methods for estimating damping from a time history
of random vibration responses can be classified into two

categories: frequency and time domain approaches. The
frequency-domain approaches are those related to spectral
analysis, such as the spectra-based half-power and the spec-
tral moment methods. The time-series approaches include
the autocorrelation decay, RDT,maximum entropy estimates,
autoregressive (AR), and the moving averages (ARMA).

TheRDT iswidely used to evaluate aerodynamic damping
ratios from the random vibration responses of structures
that are excited by random wind loads [11, 13–15, 20]. In
the RDT method, the measured structural responses are
averaged by using a common initial or triggering condition,
where a random decrement function is gained and which
can be considered as the free vibration responses of the
structures. Structural damping ratios and frequencies can be
easily acquired based on the assumption of the free vibration
response.

RDT extracts free-decay responses from a series of
samples but requires very long data to average. The average
number of the RDT method is over 5,000 times in order
to attain better results, which reveals the necessity of a
large amount of data in applying the RDT technique [14].
When exponential functions are used to fit the diminishing
processes of the free-decay responses, only several peak
data are used to obtain the structural damping ratios and
frequencies [21].The accuracy of RDTmay not be satisfactory
in certain conditions, such as the nonstationary time histories
of measured responses, or when the structural modes of a
model are densely distributed [16].

3.1. ERA + RDT Method. The RDT is a time domain proce-
dure and is considered in association with the time domain
modal identification algorithm, such as the ERA method,
to improve precision in identification. In this study, a time
domain method, namely, ERA [22], is used in conjunction
with the RDT technique (ERA + RDT), to evaluate the
aerodynamic damping ratios based on the random vibra-
tion responses of the aeroelastic model tests. The ERA +
RDT method has a higher precision than RDT and could
identify the high-order mode parameters of the models with
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Figure 3: Base of the SDOF aeroelastic model [11].

satisfactory accuracy. The ERA + RDT method likewise does
not require very long data from tests.

The ERA is based on the system impulse response or free
decay response. In the discrete-time space, the motion of an
𝑁-degree-of-freedom system with the action of {𝑢} can be
expressed by the state equation as follows:

{𝑥 (𝑘 + 1)} = 𝐴 {𝑥 (𝑘)} + 𝐵 {𝑢 (𝑘)} ,

{𝑦 (𝑘)} = 𝐶 {𝑥 (𝑘)} ,

(2)

where 𝐴, 𝐵, and 𝐶 are the state, input, and output matrices,
respectively; {𝑥(𝑘+1)} and {𝑥(𝑘)} are the states at time instant
(𝑘 + 1)Δ𝑡 and 𝑘Δ𝑡; {𝑦(𝑘)} is the response at time 𝑘Δ𝑡; and Δ𝑡
is the sampling time interval.

The response {𝑦(𝑘)} of the system is related to the state,
input, and output matrices 𝐴, 𝐵, and 𝐶 are based on the
random vibration theory:

{𝑦 (𝑘)} = 𝐶𝐴
𝑘−1

𝐵, (𝑘 > 0) . (3)

By forming the block Hankel matrix,

𝐻
𝑟𝑠
(𝑘 − 1)

=

[
[
[
[

[

{𝑦 (𝑘)} {𝑦 (𝑘 + 1)} ⋅ ⋅ ⋅ {𝑦 (𝑘 + 𝑠)}

{𝑦 (𝑘 + 1)} {𝑦 (𝑘 + 2)} ⋅ ⋅ ⋅ {𝑦 (𝑘 + 𝑠 + 1)}

...
...

...
{𝑦 (𝑘 + 𝑟)} {𝑦 (𝑘 + 𝑟 + 1)} ⋅ ⋅ ⋅ {𝑦 (𝑘 + 𝑠 + 𝑟)}

]
]
]
]

]

.

(4)

The state matrix (𝐴) can be determined by using ERA:

𝐴 = 𝑆
−1/2

𝑃
𝑇

𝐻
𝑟𝑠
(1) 𝑄𝑆

−1/2

, (5)

where 𝑟 and 𝑠 are the numbers of row and column shifts of
the Hankel matrix, respectively; 𝑃, 𝑆, and 𝑄 are the matrices
used to construct the pseudoinverse of 𝐻

𝑟𝑠
(0), which are

determined by the singular value decomposition (SVD) of the
matrix𝐻

𝑟𝑠
(0):

𝐻
𝑟𝑠
(0) = 𝑃𝑆𝑉

𝑇

. (6)

The modal parameters of the system (building) can be
determined by solving the eigenvalue problem of the state
matrix𝐴 and by converting the eigen pairs into a continuous-
time space.

The ERA method could only identify the modal parame-
ters of the system impulse responses or free decay responses.
These are obtained by using the RDT technique, such that
the random decrement functions gained by the RDT can be
considered as the free vibration responses of structures.

3.2. Definition of the Aerodynamic Damping Ratio. When
a building model is under the action of a random wind
load in a wind tunnel, the damping ratio identified with
this method includes not only the structural damping ratio,
but also the aerodynamic damping ratio. The aerodynamic
damping ratios can be obtained after the structural damping
ratio is subtracted from the total damping ratio:

𝜁
𝑎
= 𝜁
𝑇
− 𝜁
𝑠
, (7)

where

𝜁
𝑎
is the aerodynamic damping ratio;

𝜁
𝑇
is the total damping ratio;

𝜁
𝑠
is the structural damping ratio of the model.

3.3. Validation of the ERA + RDT Method. The proposed
method is validated through a comparison of the aerody-
namic damping ratios of the square building model obtained
by the ERA + RDT with short-term (87.38 s) data (current
paper) and those of the same model estimated only by the
RDT technique with long-term data [11]. Quan et al. [11]
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Figure 4: Effect of corner-modified shape: (a) along-wind; and (b) across-wind.

studied the aerodynamic damping ratios by using several
structural damping ratios and terrain types. Data were
recorded given a sampling duration of 825 s because only
the RDT technique was applied. The average numbers of the
random decrement function using the RDT method were
7,500 to 11,000. Figure 4 shows the results, and the ratios
identified by the ERA + RDT method were almost the same
as those based on the long-term data, which indicates that the
ERA + RDT method used in this paper is valid and accurate.
At the same time, the identified results are compared with the
calculated aerodynamic damping ratios based on the quasi-
steady theory [4], whose values are similar and have the same
tendency.

4. Experimental Results and Discussions

Six kinds of cross sections of tall buildings, namely, square,
square with concave or bevel corners, and rectangular (side
ratio 𝐷/𝐵 is 0.3 to 3), were tested to study the effects of wind
speed, corner modifications (concave or bevel corner), side
ratio, and wind direction on the aerodynamic damping of
typical tall buildings. The along-wind aerodynamic damping
was generally positive in most cases and gradually increased
with the increase of reduced wind speed (𝑈

𝑟
). The across-

wind aerodynamic damping was likewise positive at low 𝑈
𝑟

in most cases, but suddenly becomes negative when the 𝑈
𝑟

is greater than 10.5 for the square cross-section building.
Further experimentation is necessary on rectangular cross-
section buildings to obtain results when the𝑈

𝑟
is greater than

10.

4.1. Effect of Modified Corner. Figure 4 shows the identified
aerodynamic damping ratios of square buildings with and
without modified corners.

4.1.1. Square Building withoutModified Corners. In the along-
wind direction, aerodynamic damping ratios are generally
positive and increase with an increase of wind speed. In
the across-wind direction, aerodynamic damping ratios are
likewise positive and slowly increase with wind speed when
the 𝑈
𝑟
is

𝑈
𝑟
=

𝑈
𝐻

𝑓√𝐵𝐷
≤ 8. (8)

When 𝑈
𝑟
steadily increases from 8, the across-wind

aerodynamic damping ratios increase rapidly and attain peak
values at 𝑈

𝑟
of approximately 9 to 10. When wind speed

further increases, the aerodynamic damping ratios suddenly
decrease and become negative at 𝑈

𝑟
greater than 10.5.

4.1.2. Square Building with Modified Corners. The aerody-
namic damping ratios of corner-modified square cross-
section buildings (10% concave corner and 10% bevel corner)
tend to be similar to those of square buildings without
modified corners. In the along-wind direction, aerodynamic
damping ratios appear to have negative values when the 𝑈

𝑟

is less than or equal to 7. However, the absolute values are
small and the influence of these ratios could be negligible
for practical purposes. When wind speed increases, the
aerodynamic damping ratios increase to positive values,
which are much smaller than those of the square building.
In the across-wind direction, all aerodynamic damping ratios
are positive and are almost the same as those of the square
building when 𝑈

𝑟
is smaller than or equal to 8. When 𝑈

𝑟
is

greater than 8, the aerodynamic damping ratios of the corner-
modified square buildings retain the same variation tendency
as those when 𝑈

𝑟
is less than 8. The damping characteristics

seem to indicate that the effects of the aerodynamic damping
in both the along-wind and across-wind directions of the
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Figure 5: Effect of the side ratio (𝐷/𝐵 ≥ 1): (a) along-wind; and (b) across-wind.

buildings with corner modifications could be neglected for
engineering purposes.

4.2. Effect of Side Ratios (𝐷/𝐵)

4.2.1. 𝐷/𝐵 is Greater Than or Equal to 1. The effect of the
side ratios (𝐷/𝐵 is equal to 1, 1.5, 2, and 3) on the aero-
dynamic damping of rectangular cross-section tall buildings
is presented in Figure 5. In the along-wind direction, the
aerodynamic damping ratios of the rectangular buildings
(𝐷/𝐵 of greater than 1) tend to be similar to those of the
square building (𝐷/𝐵 equal to 1) when𝑈

𝑟
is less than or equal

to 6. When 𝑈
𝑟
is greater than 6, further experimentation is

necessary.
In the across-wind direction, the aerodynamic damping

ratios of rectangular cross-section buildings (𝐷/𝐵 equal to
1.5, 2, and 3) have a similar variation tendency with the wind
speed, which increases more rapidly than those of the square
building.The aerodynamic damping ratios of the rectangular
buildings appear to have negative values when the 𝑈

𝑟
is

less than or equal to 5, with a minimum value of −0.55%.
The further increase of reduced wind velocity from 6 causes
the aerodynamic damping ratios of rectangular buildings to
generally increase with a side ratio. All the aerodynamic
damping ratios are much larger than those of the square
building.

The across-wind aerodynamic damping ratios of the
square building suddenly decrease and become negative
values when 𝑈

𝑟
is greater than 10.5. Further experimentation

is necessary to obtain results for rectangular cross-section
buildings with 𝑈

𝑟
greater than 10.

4.2.2. 𝐷/𝐵 Is Smaller Than or Equal to 1. Figure 6 shows the
effect of the side ratios (𝐷/𝐵 equal to 1, 0.67, 0.5, and 0.33)
on the aerodynamic damping of rectangular cross-section
tall buildings. In the along-wind direction, the aerodynamic

damping ratios of the four kinds of side ratios are positive.
The aerodynamic damping ratios of rectangular buildings
generally decrease with the side ratio but are larger than those
of the square building.

In the across-wind direction, the aerodynamic damping
ratios of buildings with a 𝐷/𝐵 equal to 0.67 have a similar
variation tendency as those of the square building when the
𝑈
𝑟
is less than or equal to 6.The aerodynamic damping ratios

of buildings with 𝐷/𝐵s equal to 0.5 and 0.33 are small, and
finding the variation laws with the wind speed is difficult.
The aerodynamic damping ratios of rectangular buildings
with 𝐷/𝐵s equal to 1 also appeared to have some negative
values, but the absolute values were very small. Further
experimentation is necessary for 𝑈

𝑟
that is greater than 6.

4.2.3. Comparison between the Present Study and Marukawa.
Marukawa et al. [8] identified the along-wind and across-
wind aerodynamic damping ratios of square and rectangular
cross-section buildings by using the RDT from a SDOF
aeroelastic model wind tunnel test. The side ratios of the
models ranged from0.33 to 3with a basic aspect ratio of 6.The
simulatedwind flowwas the flowover the open terrain, where
the exponent of the wind profile and the turbulent intensity
at the top of themodel were 0.167 and 10.7%, respectively.The
structural damping ratio of the building model was 1%.

The comparisons of the aerodynamic damping ratios
between the present study and Marukawa are shown in
Figure 7. The aerodynamic damping ratios of the two studies
revealed a common tendency, despite the differences in the
values of the aerodynamic damping ratios thatmay have been
caused by the different simulated terrain conditions.

4.3. Effect of Wind Direction. Studying the effect of wind
direction on aerodynamic damping is important for practical
purposes because wind flow is not always normal to the
building facades.The variations of the aerodynamic damping
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Figure 6: Effect of the side ratio (𝐷/𝐵 ≤ 1): (a) along-wind; and (b) across-wind.
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Figure 7: Comparison between the present study and that of Marukawa et al. [8]: (a) along-wind (𝐷/𝐵 ≤ 1); and (b) across-wind (𝐷/𝐵 ≥ 1).

ratios of the rectangular cross-section buildings (𝐷/𝐵s of 1.5
and 3) with the wind direction are illustrated in Figure 8.

The aerodynamic damping ratio for the rectangular
building with a𝐷/𝐵 of 1.5 tends to increase with the increase
of wind angle. The minimum value was −0.55% at a 0∘ angle
(i.e., across-wind direction) and 𝑈

𝑟
of 4.4. The maximum

value was 3.0% at an 80∘ angle and 𝑈
𝑟
of 6.6.

The aerodynamic damping ratios for the building with
a 𝐷/𝐵 of 3 were all positive with the maximum value of
2.9% at a 0∘ angle (across-wind direction) and 𝑈

𝑟
of 9.8. The

aerodynamic damping ratios of the two rectangular buildings
likewise have the common tendency to roughly increase with
the increase of wind speed.

5. Concluding Remarks

The conclusions on the along-wind and across-wind aero-
dynamic damping ratios of different cross-sections of tall
buildings as obtained by using the wind tunnel experiment
are as follows.

(1) The aerodynamic damping ratios identified by the
ERA + RDT method were almost the same as those
based on the long-term data, which indicates that the
ERA + RDT method used in this paper is valid and
accurate.

(2) The along-wind aerodynamic damping is positive in
most cases and gradually increases with the increase
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Figure 8: Variations of the aerodynamic damping ratios with the wind angle: (a)𝐷/𝐵 = 1.5; and (b)𝐷/𝐵 = 3.

of 𝑈
𝑟
. The across-wind aerodynamic damping was

likewise positive at low𝑈
𝑟
inmost cases, but suddenly

became negative when the 𝑈
𝑟
is greater than 10.5

for the square cross-section building. Further exper-
imentation on rectangular cross-section buildings is
necessary to obtain results when𝑈

𝑟
is greater than 10.

(3) The along-wind aerodynamic damping ratios for
tall buildings with a corner-modified square cross-
section (10% concave corner and 10% bevel corner),
appeared to have some negative and small absolute
values at a low wind speed. The across-wind aero-
dynamic damping ratios were all positive and small.
These results indicate that the effects of aerodynamic
damping in the along-wind and across-wind direc-
tions of buildings with corner modifications may be
neglected for engineering purposes.

(4) Both the along-wind and across-wind aerodynamic
damping ratios for the rectangular cross-section
buildings with a 𝐷/𝐵 greater than 1 appeared to have
some negative values at a low wind speed.The across-
wind aerodynamic damping ratios at a high wind
speed were large, reaching 2.9%.

(5) All of the along-wind aerodynamic damping ratios
for the rectangular cross-section buildingswith a𝐷/𝐵
smaller than 1 were positive, and the across-wind
aerodynamic damping ratios appeared to have some
negative values at a low wind speed. The across-wind
aerodynamic damping ratios at a high wind speed
were large, reaching 2.3% to 2.8%.
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