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Abstract: This research investigates the cross-wind aeroelastic effects of tall buildings with hexagonal
cross-sections by using aeroelastic models with multiple-degree-of-freedom (MDOF). Cross-wind
displacement and acceleration responses at the top of each model are measured using the wind
tunnel test. The aerodynamic damping ratios for the two representative wind directions are identified
by analyzing the measured responses using the random decrement technique. Results show that
large-amplitude vortex-induced vibrations occur for one of the representative wind directions where
the vertex of the hexagonal model is against the approaching wind, while there is no significant
VIV observed for the other representative wind direction where the face of the hexagonal model is
perpendicular to the approaching wind. The most dangerous wind direction is then identified based
on the discussion. Two expressions for the cross-wind aerodynamic damping ratio are established for
the two wind representative wind directions. The two equations can be used in engineering practice
to estimate the cross-wind aerodynamic damping ratio of hexagonal tall buildings.

Keywords: tall buildings; hexagonal section; wind tunnel test; vortex-induced vibration; aerody-
namic damping

1. Introduction

The wind-induced vibration of super high-rise buildings may be very significant,
especially for the vibration caused by vortexes in the cross-wind direction. As is known,
aeroelastic effects play an important role in determining the cross-wind responses of
high-rise buildings. There have been many studies on the cross-wind aeroelastic effects
of high-rise buildings and flexible structures [1-15]. Most of these previous studies on
aeroelastic effects have focused on buildings with a circular or rectangular cross-section, but
few studies have investigated buildings with a hexagonal cross-section. In fact, more and
more tall buildings with hexagonal cross-sections have been built in the past decades [16].
In view of this, it is necessary to systematically investigate the cross-wind aeroelastic effects
of hexagonal tall buildings to ensure that they perform well under strong wind.

From the existing research, aerodynamic forces on hexagonal tall buildings have
been researched by some researchers. Steckley et al. carried out a high-frequency force
balance experiment in a wind tunnel and studied the base moment of the hexagonal tall
building [17]. Tanaka et al. studied the wind forces on rigid models of hexagonal tall
buildings based on the wind tunnel tests of the synchronous pressure model [18]. Kim et al.
studied the bending moment and response of hexagonal tall buildings in a wind tunnel [19].
Wang et al. conducted a series of wind tunnel tests of synchronous pressure models to
study the wind force of tall buildings with a hexagonal section, and the empirical formulae
of wind force were proposed [20].

As is well known, aerodynamic forces alone are not sufficient to accurately estimate
wind-induced structural responses because of the aeroelastic effects on tall buildings. As
the geometry of buildings with a hexagonal cross-section is different from that of a building
with a square or circular cross-section, the wind flow around a hexagonal building differs
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from that around a rectangular or a circular building, and so do aeroelastic effects. In
other words, the results of the cross-wind aeroelastic effects for a rectangular or a circular
building cannot be directly applied to hexagonal buildings.

This study will investigate the cross-wind aeroelastic effects of hexagonal tall buildings
in terms of cross-wind responses and the aerodynamic damping ratio. The multiple-degree-
of-freedom (MDOF) aeroelastic model of hexagonal tall buildings is fabricated and then
a series of wind tunnel tests are conducted on them to acquire the cross-wind responses
for the two representative wind directions determined by wind pressure measurements
on the rigid model for a series of wind directions. Meanwhile, the measured response is
used to identify the associated aerodynamic damping ratio by making use of the random
decrement technique (RDT). The dynamic responses and damping ratios for the two repre-
sentative wind directions are then discussed in detail. Two expressions for the cross-wind
aerodynamic damping ratio are established for the two directions, which can provide guid-
ance for estimating the cross-wind aerodynamic ratios of tall buildings with a hexagonal
cross-section.

2. Wind Tunnel Tests

A building with a height of 600 m at the prototype scale and an aspect ratio of 10 was
considered to represent a typical tall building with a hexagonal cross-section. All tests
were carried out in the WD-1 boundary layer wind tunnel at Wuhan University, China.
Considering the test operation and block ratio of the wind tunnel, a length scale of 1:600
was used for all of the models. As a result, the height of the building at the model scale
was 1 m, and the distance between the two opposite vertexes of the hexagonal model was
124 mm.

2.1. Pressure Measurement on Rigid Model

Before conducting the aeroelastic model wind tunnel test, a synchronous pressure
measurement wind test was carried out on a rigid model of the hexagonal building (shown
in Figure 1a) to obtain a general understanding of the aerodynamic forces on the building.
Six levels of pressure taps were equally distributed along the model’s height. Each level has
36 taps equally distributed around the perimeter of the cross-section (shown in Figure 1b).
The definition of wind direction is shown in Figure 1c. Considering the symmetry of the
model’s cross-section, only wind directions from 0° to 30° (including seven wind direction
cases: 0°,5°,10°, 15°, 20°, 25° and 30°) were considered in the pressure measurement wind
tunnel test. The simulated wind field in the wind tunnel was terrain category B of the
Chinese code [21] with an exponent of 0.15. The simulated results of mean wind speed and
turbulence intensity profiles in the wind tunnel are illustrated in Figure 2.

Making use of pressure data measured using the wind tunnel test on the rigid model,
aerodynamic cross-wind forces on the building model can be determined. Power spectral
densities (PSDs) of the cross-wind forces at the same wind speed are shown in Figure 3 for
all of the test wind directions. As can be seen, PSDs of cross-wind forces for wind directions
6 = 25° and 30° are relatively large. As is known, significant vortex-induced vibrations
are more likely to occur when the wind load is large, especially when the building is
symmetrical about the wind direction. The wind load of 30° direction is very large and
the building is symmetrical about this wind direction, so this direction was selected as a
representative wind direction. The building is also symmetrical about a 0° direction, so
this direction was also selected as a representative wind direction, although the wind load
of this direction is not very large.
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Figure 1. Rigid model of the tall hexagonal building. (a) Rigid model, (b) Arrangement of pressure

taps, (c) Definition of wind direction.
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Figure 2. Simulated wind profile in the wind tunnel for category B. (a) Mean wind speed, (b) Turbu-

lence intensity.
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Figure 3. PSD of cross-wind forces on rigid model.
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2.2. Aeroelastic Model Test

The aeroelastic model with MDOF was fabricated for the hexagonal building with a
length scale of 1:600. The skeleton of the MDOF model was made of aluminum alloy 6061.
As shown in Figure 4, there were six rigid plates equally distributed along the height, which
represent six degrees of freedom. An aluminum column passed through the center of the
six rigid plates and bonded together, representing the elastic and deformation properties
of the model. The outer coating of the model was made of organic glass to simulate the
building shape.

(a) (b)
124 mm

‘ AI

rigid diaphragms

organic glass

Figure 4. Aeroelastic MDOF model. (a) Plan view of each diaphragm in the model, (b) Model in the
wind tunnel.

By adjusting the parameters of the above MDOF model, different test cases could be
achieved. The mass of the model was adjusted by sticking copper blocks on rigid plates.
The damping ratio of the model was adjusted by setting light foam strips between the rigid
plates. These detailed processes can be found in the related papers of the authors [22-24].
Eight test cases with different structural properties were adjusted by this MDOF model,
as listed in Table 1. The frequencies in Table 1 are the first natural frequency of each test
case, with a frequency scale ratio of about 100:1. The displacement response of the MDOF
model was measured using a laser displacement meter, and the acceleration response was
measured using an acceleration transducer.

Table 1. Modal properties of the eight aeroelastic models.

Test Cases Frequency Equivalent Mass SS:;:;:;:; Sc ."Vinf:l

(Hz) (kg/m) Ratio (%) Number Direction
1 9.00 245 1.11 4.35 direction I
2 7.75 3.05 1.55 7.57 direction I
3 8.31 2.69 191 8.22 direction I
4 8.97 432 1.01 6.98 direction I
5 8.88 245 1.75 6.86 direction IT
6 7.69 3.05 1.54 7.55 direction IT
7 8.25 2.69 1.05 452 direction II
8 9.01 432 1.15 7.95 direction II

The calculation formula of the equivalent mass M in Table 1 is:

v = o @) (2)dz

(1)
fOH m(z)dz
The calculation formula of the Sc number in Table 1 is:
2
S = 2Més (2)

0aS
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where m(z) is the mass per unit length, ¢(z) is the mode shape of the aeroelastic model,
H is the total height; s is the structural damping ratio, p, is the air density, and S is the
cross-section area of the MDOF model.

The damping ratio was identified using the free vibration test. Taking case 5 as an
example, fix the MDOF model on the wind tunnel ground first and then knock the top of the
MDOF model, the model will exhibit free vibration, and the free vibration attenuation curve
can be obtained using a laser displacement meter, which is shown in Figure 5. According

to the free vibration results of Figure 5, the damping ratio of the MDOF model can be
identified.

9 T T T T
Free vibration displacement
6 —— exponential decay curve: 7e |+

Displacement (mm)
o

-9
06 0.0 0.6 1.2 1.8 2.4
Time (s)

Figure 5. Free vibration displacement of the MDOF models (case 5).

The power spectral densities of the wind-induced structural acceleration responses
of the model are shown in Figure 6 for three different wind speeds. As can be seen, all
three curves of the PSD for different wind speeds present one clear peak, which is only the
first frequency of the model, indicating that the wind-induced vibration is dominated by
the first-order vibration. According to the location of the PSD peak, the frequency of the
MDOF model can be identified.

1.0
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Figure 6. PSD of wind-induced acceleration of the aeroelastic model in case 5.

The mode shapes were determined according to the coherence between vibration
responses at different heights. The identified mode shapes for case 5 are shown in Figure 7.
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Figure 7. First two mode shapes of the MDOF model in case 5.

3. Cross-Wind Responses of the Hexagonal Aeroelastic Models

After identifying the dynamic properties of each case, the aeroelastic wind tunnel
test was conducted. The cross-wind displacement and acceleration responses at the top
of each model were measured by a laser displacement meter and an acceleration sensor,
respectively. As discussed in Section 2.1, only two representative wind directions 6 = 0° and
30° were considered for the aeroelastic wind tunnel test: one was a vertex of the hexagonal
cross-section against the approaching wind (i.e., wind direction I, 8 = 30°), and the other
was a face of the hexagonal cross-section perpendicular to the approaching wind (i.e., wind
direction II, 6 = 0°), as illustrated in Figure 8.

(a) (b)
2 Cl1 G
F2 Fl
B2 B1
E2 El
A2 Al 5
/]\wind II\wind

Figure 8. Two typical wind directions. (a) Wind direction I, (b) Wind direction II.

3.1. When a Vertex Is against the Approaching Wind (Direction 1)

The cross-wind displacement responses at the top of the first four models (i.e., cases 1
to 4 in Table 1) are examined when a vertex of the hexagonal cross-section is against the
approaching wind. As known, the Strouhal number St (St = nD/V, where V is the mean
speed of the approaching wind; #n and D denote the fundamental structural frequency and
the width of the model’s windward face, respectively) of a hexagonal cylinder is about 0.13.
Accordingly, the reduced critical wind velocity for the resonance V. (=1/5t) for case 1 is
about 7.7. The measured time history of the displacement response for case 1 is shown in
Figure 9 for V, = V/(nD) = 8.1. As can be seen, the measured responses around the reduced
critical wind speed are highly harmonic.

The root-mean-square (RMS) values of the measured cross-wind structural displace-
ment responses for cases 1 to 4 are shown in Figure 10. The RMS values of the measured
cross-wind acceleration responses are shown in Figure 11. It should be explained that the
acceleration response of case 4 is not shown in Figure 11, because there was an unknown
error with the acceleration acquisition instrument during the wind tunnel test, leading to
the acceleration data of case 4 not being measured, so there is no acceleration result for case
4 in Figure 11; however, the displacement acquisition instrument at this time was available,
so only the displacement results of case 4 were measured and are shown in Figure 10.



Atmosphere 2023, 14, 996

7 of 13

15 . ; ; ;
10F .

-5
-10 § 4
-15 L L L

2 _.
Time (s)

Displacement (mm)
o

Figure 9. Time history of cross-wind displacement for case 1.
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Figure 11. Cross-wind acceleration response of cases 1 to 3 (wind direction I).

As can be seen from Figures 10 and 11, both displacement and acceleration responses
are relatively large when the reduced wind velocity (V;) is close to the critical wind speed
of VIV (V). In addition, the time history shown in Figure 9 is nearly harmonic when V is
close to V,, indicating significant vortex-induced resonance (VIR). This is because, for wind
direction I, the incoming flow separates from the downstream corners of the windward
faces (Al and A2) to generate vortices. Meanwhile, both the symmetrical lateral faces (B1
and B2) and the symmetrical leeward faces (C1 and C2) are immersed in the vortex flow,
and hence, are subjected to cross-wind forces. In other words, it is easy to cause VIR when
a vertex of the hexagonal cross-section is against the approaching wind.

3.2. When a Face Is Perpendicular to the Approaching Wind (Direction 1I)

The cross-wind acceleration responses of the latter four aeroelastic models (i.e., cases
5 to 8 in Table 1) were examined when a face of the hexagonal building model was perpen-
dicular to the approaching wind; i.e., for direction II. The RMS values of the acceleration
responses for cases 5 to 8 are shown in Figure 12. It can be observed from Figure 12 that the
RMS values of the acceleration responses gradually increase with reduced wind velocity
V. This variation trend is very different from that in direction I, where the RMS values
show a sharp increase when V; is close to V.. In other words, the resonance does not
occur for direction II. This can also be illustrated by the time history of the acceleration
response. As shown in Figure 13, the time history of the measured acceleration response
for case 7 does not show obvious harmonic vibrations, even when V, = 7.2 is close to
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V.. These indicate that the vortex-induced harmonic vibration of the building under this
wind direction is relatively slight. This is because, for wind direction II, the resulting wind
pressure acting on faces E1 and E2 in the cross-wind direction is close to zero, contributing
little to the cross-wind vibrations. Apparently, the windward face D and leeward face G
contribute nothing to the cross-wind vibrations. That is to say, the cross-wind vibrations
are mainly caused by wind forces acting on faces F1 and F2. Therefore, it is difficult to
generate significant VIV when a face of the hexagonal building is perpendicular to the
approaching wind.

80 T T T T T T
R o—Sc=6.86 b L
ﬁ |-0—S¢c=7.55 o
—A—Sc=4.52 /
S 60 F .
= <— Sc=7.95
2
=
©
K] 40 | .
(6]
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(451
n i J
s 20
o
0 1
0 12 14

Figure 12. RMS crosswind acceleration of cases 5 to 8 (direction II).

100 1

u
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Figure 13. Time history of cross-wind acceleration in case 7 (Sc = 4.52, V; =7.2).

The RMS values of cross-wind acceleration responses measured for two cases with
different wind directions are shown in Figure 14 for comparison. As listed in Table 1, the
structural properties for these two cases are similar. Hence, the responses for the two cases
are close to each other when the reduced wind velocity V, is far away from the reduced
critical wind speed V.. However, when V; is close to V., the response for direction I is
much larger than that for case II. This is because the aerodynamic force for wind direction I
(6 = 30°) is larger than that for direction II (6 = 0°), as shown in Figure 3. The other reason
is that there is significant vortex-induced resonance in direction I, causing the remarkable
increase in the acceleration response, whereas vortex-induced vibration is slight in direction
II, and hence, the response is small.
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Figure 14. Cross-wind acceleration for two cases with different wind directions.

4. Aerodynamic Damping Ratio of the Hexagonal Aeroelastic Models
4.1. Identification of Aerodynamic Damping Ratio

The random decrement (RDT) technique has been widely used to identify the aerody-
namic damping ratio [25-31]. Based on the RDT technique, the free vibration time history of
the vibration model can be estimated. Taking case 3 as an example, three free vibration time
histories obtained by the RDT are shown in Figure 15. According to these time histories,
the total damping ratio §; can be calculated. Thereafter, the aerodynamic damping ratio ¢,
can be calculated by subtracting the structural damping ratio ¢s from the total damping

ratio {; i.e., g = Gt — s.

I g1
S £
[«5] [ a N
8 8
@) a
Time Time
(@) (b)
s
D L
1]
(5]
(&)
Sl
=
2
[a)
Time

(©)

Figure 15. Free decay curves estimated by the RDT for case 3. (a) V, = 3.83, {; = 1.98%, (b) V, = 6.94,
& = 3.67%, (c) V, = 8.00, & = 0.09%.

4.2. Aerodynamic Damping for Wind Direction I

For the first four cases (i.e., cases 1 to 4) where a vertex of the hexagonal aeroelastic
model is against the approaching wind, the cross-wind aerodynamic damping ratio is
shown in Figure 16. As can be seen, when the reduced wind velocity V; is very small, the
aerodynamic damping ratio is very small and close to zero. With increasing V,, the aero-
dynamic damping ratio gradually increases and reaches the maximum. The aerodynamic
damping ratio then changes from positive to negative when V, is close to V.. Thereafter, the
absolute value of the aerodynamic damping ratio rapidly decreases and finally maintains
a constant around zero. Generally, the variation of the aerodynamic damping ratio with
reduced wind velocity V, is very consistent with that of tall buildings with a square section.
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Figure 16. Aerodynamic damping for direction I.

In addition to the reduced wind velocity, the structural damping and mass also affect
the aerodynamic damping. However, it can be observed that the effects of these two
parameters on negative aerodynamic damping ratios are smaller than those on positive
aerodynamic damping ratios. Negative aerodynamic damping ratios are more dangerous
in engineering practice, as they tend to decrease the total damping ratio, and hence,
exacerbate wind-induced structural responses. For easy application, a regression analysis
for the aerodynamic damping is conducted using Equation (3) with reduced wind speed
V, as the variable, by weighting the negative damping ratios.

(1 - (BV)?) x (BVy)

Ca=DP1+
C B (- (BV)R) 4 (W)

®)

where P, P; and Pj; are fitting parameters to be determined by regression analysis; the
reciprocal of B denotes the threshold of the reduced wind velocity, where the reduced
aerodynamic damping ratio changes from positive to negative. Regression analysis suggests
that that P; = —0.001, P, = 0.5, P3 = 200 and = 0.13. As can be seen from Figure 16, the
results of Equation (3) agree with the experimental results, although there is a slight
difference between them.

4.3. Aerodynamic Damping When a Face Is Perpendicular to the Approaching Wind (Direction II)

For the latter four cases (i.e., cases 5 to 8, where a face of the hexagonal aeroelastic
model is against the approaching wind), the variation in the cross-wind aerodynamic
damping ratio ¢, with reduced wind velocity V, is shown in Figure 17. As can be seen, the
variation is very different from that shown in Figure 16, because the wind flow for these two
wind directions is totally different, as discussed above. Unlike the complicated variation
shown in Figure 16, all four sets of aerodynamic damping ratios shown in Figure 17 almost
linearly increase with reduced wind speed V,. As a result, a linear formula, as shown
in Equation (4), is put forward for estimating the aerodynamic damping. The result of
Equation (4) is shown in Figure 17, which coincides well with the results from the wind
tunnel test.

¢, = —0.017 + 0.0015 x V, 4)

In this way, the cross-wind aerodynamic damping ratios for the hexagonal tall building
were identified for the two representative wind directions. In addition, two expressions
were developed by regression analysis to estimate the cross-wind aerodynamic damping
according to the reduced wind speed V, in the preliminary design stage. Furthermore, the
variation trend and magnitude of aerodynamic damping ratios were completely different
for the two wind directions, as direction I had significant VIV, while direction II did not.
Around the range of the reduced critical wind speed, the aerodynamic damping ratio
in direction II was larger than that in direction 1. Therefore, if there is a dominant wind
direction in the construction site of the hexagonal tall building, it is more favorable to make
the dominant wind direction coincide with direction II to achieve better wind performance.
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Figure 17. Aerodynamic damping ratio for direction II.

5. Conclusions

The cross-wind aeroelastic effects of tall buildings with a hexagonal cross-section were
investigated in this study using wind tunnel tests on aeroelastic models with multiple-
degree-of-freedom. Two representative wind directions, i.e., wind directions I and II, were
identified. The cross-wind dynamic responses and aerodynamic damping ratios were
examined for the two wind directions and the difference between the aeroelastic effects of
these two wind directions was uncovered. The main findings of this paper are summarized
as follows:

(1) When a vertex of the hexagonal tall building is against the approaching wind (i.e.,
wind direction I), the aerodynamic force is considerable and there are significant VIVs
around the critical wind velocity. However, when a face is perpendicular to the approaching
wind (direction II), the hexagonal tall building does not show significant VIVs and the
aerodynamic force is relatively small.

(2) Aerodynamic damping ratios for these two representative wind directions exhibit
different variations in terms of the reduced wind speed. For direction I, the variation is
similar to that of a tall building with a square cross-section. For direction II, the aerodynamic
damping ratio almost linearly increases with the reduced wind speed. Furthermore, around
the range of reduced critical wind speed, the aerodynamic damping ratio for direction II is
smaller than that for direction I. Direction I is the most dangerous wind direction, whereas
direction II is the most favorable one. Therefore, if there is a dominant wind direction on
the construction side of a hexagonal tall building, the building should be designed in such
a way that the dominant wind direction is along direction II, to avoid excessive cross-wind
structural responses.

(3) Two equations for the aerodynamic damping ratios were obtained by regression
analysis for the two representative wind directions. The two equations can be used to
estimate the cross-wind aerodynamic damping ratios of a hexagonal tall building in the
preliminary design stage. By substituting the reduced wind speed into the two equations,
the aerodynamic damping ratios can be readily determined for the two representative wind
directions, which can facilitate the design of hexagonal tall buildings.
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