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Abstract

Vertical greening on the exterior walls of fourth-generation high-rise buildings al-
ters, to some extent, the original architectural form, and the interference mecha-
nism between the structure and the vegetation under strong wind becomes more
complex. At present, research on the wind resistance of fourth-generation high-
rise building structures is still in its infancy, and there is no clear consensus on
the applicability of existing wind-resistant design codes for high-rise structures
to fourth-generation high-rise buildings. Taking the Tongyou Building in Chang-
sha as the research background, this study employs a rigid pressure-measuring
model to analyze the wind pressure coefficients and shape coefficients on the
building facades under four greening ratios of 0%, 6.8%, 13.5%, and 20.3%,
thereby revealing the influence patterns of vegetation on the wind load charac-
teristics of building facades. The results show that the coherence of fluctuating
wind pressure on the side and leeward facades is relatively low, and the pres-
ence of vegetation reduces the coherence of fluctuating wind pressure on the
windward fagade. Vegetation can effectively reduce the minimum wind pressure
coefficients on the side and leeward fagades and has a significant suppressing
effect on localized strong winds acting on the building facades. The shape co-
efficients for the windward fagade specified in the code are overly conservative,
whereas those for the side and leeward facades tend to be unsafe. When the
angle between the building windward fagade and the incoming flow is 45°-60°,
the vegetation produces the greatest reduction in the windward facade shape
coefficient, with a maximum reduction of 70%.
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Abstract

The vegetation on the facades of fourth-generation high-rise buildings signifi-
cantly alters the original aerodynamic shape of the structures. The interaction
mechanism between the structure and vegetation under strong winds becomes
more complex. Currently, research on wind resistance of fourth-generation high-
rise buildings is still in its infancy, and there is no conclusive evidence regard-
ing the applicability of existing wind resistance specifications to these build-
ings. This study focuses on the Tongyou Building in Changsha as a case study.
Through rigid pressure measurement model tests, the wind pressure coefficients
and shape coefficients of the building facade under three greening rates (6.8%,
13.5%, and 20.3%) were analyzed to reveal the influence of vegetation on wind
load characteristics. The results indicate that the coherence of fluctuating wind
pressure on the side and leeward surfaces is relatively low, while vegetation
reduces the coherence of fluctuating wind pressure on the windward surface.
Vegetation can effectively reduce the minimum wind pressure coefficients on the
side and leeward surfaces, exerting significant inhibitory effects on local strong
winds on the building facade. The shape coefficients specified in current codes
for the windward surface are conservative, while those for the side and leeward
surfaces are potentially unsafe. The reduction in shape coefficients on the wind-
ward surface is maximized when the building windward surface forms an angle
of 45°-60° with the incoming flow, with a maximum reduction of 10.6%.

Keywords: high-rise building; wind tunnel test; wind pressure coefficient;
shape coefficient; correlation

1. Model Description

This study employs rigid model pressure measurement wind tunnel tests con-
ducted in the high-speed test section of the Wind Engineering and Wind En-
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vironment Research Center at Changsha University of Science and Technology.
The wind tunnel has a cross-section of 3.0 m (width) x 2.5 m (height) with a
wind speed regulation range of 1.0-45.0 m/s. The test model has a geometric
scale of 1:100 with structural dimensions of 45.2 m x 32 m x 100 m (prototype
dimensions), resulting in a blockage ratio of less than 1%.

The model design includes cylindrical vegetation elements with a height of 10 m
(prototype) on the building’ s exterior walls. The balcony parapet walls have a
height of 1.5 m (prototype). A total of 331 pressure taps were arranged on the
facade, with 60 taps on each floor. The pressure measurement system utilizes
an Initium electronic pressure scanning valve with a sampling frequency of 331.5
Hz and a sampling duration of 60 s. Wind direction angles ranging from 0° to
180° were tested. The scaled model is shown in

2. Parameter Definitions
To analyze the surface wind pressure under different vegetation coverage areas,

the wind pressure coefficient is defined as:

_Dbi—p
pU%

pi

where p; is the wind pressure at measurement point 4, p is the static pressure
at the reference point, p is air density (1.225 kg/m3), and Uy, is the wind speed
at the reference height.

The extreme wind pressure coefficient is defined as:

C

pi,extreme Cpi,mean =+ g X Cpi,rms

where C; 1 can 18 the mean wind pressure coefficient, C); .,,s is the fluctuating

wind pressure coefficient, and g is the peak factor (taken as 3.5).

To investigate local wind loads, the building facade is divided into blocks, with
the block shape coefficient defined as:

Hs = A

where g ; is the shape coefficient at measurement point ¢, and A, is the corre-

sponding area. For uniform incoming flow conditions, y,; = C}; 1hean-
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3. Results and Analysis

3.1 Extreme Pressure Distribution The envelope nephograms of extreme
pressure coefficients under different greening rates are shown in [FIGURE:2]. As
the greening rate R increases, the maximum pressure coefficient region on the
windward surface is divided into left and right portions. The minimum value
in the upper-left corner decreases from 0.1, indicating that vegetation reduces
the maximum positive pressure coefficient and alters the distribution pattern of
extreme pressure values.

The envelope nephograms of minimum pressure coefficients on the facade are
presented in FIGURE:2. As R increases, the minimum pressure coefficient de-
creases from -1.6 to -0.9, with the negative pressure region gradually expand-
ing to cover one-third of the entire facade area. The pressure distribution for
R = 13.5% shows the most extensive negative pressure region, suggesting that
the shielding effect of vegetation has a nonlinear relationship with greening rate.
Vegetation not only reduces the maximum negative pressure but also mitigates
the impact of local strong winds on the building facade.

The envelope nephograms of extreme pressure coefficients on the side surfaces
are shown in FIGURE:3. The upper region values originate from the side surface,
while the lower region values are from the leeward surface. The extreme pressure
on the lower leeward surface decreases with increasing greening rate, whereas
the extreme pressure on the upper side surface is less affected by vegetation.

The envelope nephograms of minimum pressure coefficients on the side surfaces
are presented in FIGURE:3. As R increases, the minimum pressure coefficient
decreases from -1.5 to -0.9. The negative pressure region reaches its maximum
extent at R = 13.5% when the wind direction angle is between 0°-60°, indicating
that the arranged vegetation provides the greatest reduction in pressure within
the vortex shedding zone. When the windward surface forms an angle with the
incoming flow, vegetation most effectively reduces the negative pressure.

3.2 Mean Pressure Variation The vertical axes of measurement points
on the building facade are numbered sequentially from 1 to 9. To study the
influence of vegetation on mean wind pressure coefficients, only the symmetrical
axes 1-9 are presented for typical wind direction angles of 0° and 45°.

The variation curves of mean pressure coefficients for each axis at 0° wind direc-
tion are shown in [FIGURE:5]. The mean pressure coefficient at the windward
edge (axis 1) decreases monotonically with increasing R, with vegetated cases
showing lower values than the non-vegetated case. This demonstrates the strong
shielding effect of vegetation on airflow diffusion toward the edges. The mean
pressure coefficient on the side surface initially increases then decreases with
height, and shows a similar trend with increasing greening rate R, reaching
maximum values at R = 13.5%.

The variation curves for the 45° wind direction are shown in [FIGURE:6]. The
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mean pressure coefficient on the windward surface increases monotonically with
height, while the side surface shows a decreasing trend. The reduction effect of
vegetation on side and leeward surface negative pressures increases with greening
rate. At R = 13.5%, the mean pressure coefficient is significantly larger than
other greening rates, indicating that vegetation enhances vortex shedding on
the facade.

3.3 Fluctuating Pressure Correlation Characteristics For spatial build-
ing structures, the spatial correlation of fluctuating wind pressure can be repre-
sented by the coherence function that varies with distance and frequency:

IS,
) = 5y 8, )

where 'ygy( f) is the coherence function, f is the fluctuating wind pressure fre-
quency, Sy, (f) is the cross-power spectrum, and S, (f) and S, (f) are the auto-
power spectra.

The coherence functions between different measurement points at 3/4H height
in the horizontal direction are shown in FIGURE:7. The coherence function of
windward surface pressure coefficients decays exponentially with dimensionless
frequency fz/U, where z is the horizontal distance between measurement points
and U is the incoming flow velocity. The horizontal decay exponent ranges from
4 t0 9.8, consistent with previous square cylinder studies.

The coherence functions for crosswind pressure coefficients are presented in [FIG-
URE:8]. The decay exponent absolute value is smallest near the horizontal cen-
terline, with other measurement point pairs showing similar decay rates. The
decay exponent is approximately 8.3, with horizontal coherence functions gen-
erally lower than vertical ones and showing delayed attenuation frequency.

The coherence functions for leeward surface pressure coefficients are shown in
[FIGURE:9]. The vertical coherence is relatively low, with different height mea-
surement points showing identical variation patterns. The leeward surface is
located in the vortex shedding zone where fluctuating pressure variations are
complex.

The envelope values of coherence functions between measurement points at dif-
ferent spacings under various greening rates are presented in [FIGURE:10]. The
horizontal coherence function decay exponent absolute value initially increases
then decreases with greening rate, reaching a maximum of 8.3 at R = 6.8%,
indicating that vegetation causes the greatest disturbance to fluctuating wind
pressure coherence on the windward surface. The decay exponent increases
monotonically with greening rate, while the vertical decay exponent is less af-
fected by vegetation.
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3.4 Influence of Vegetation on Building Shape Coefficients The build-
ing windward surface is divided into upper and lower sections, numbered as
blocks Al and A2. Corresponding sections on the side surfaces are numbered
B1, B2, B3 and C1, C2, C3, as shown in [FIGURE:11].

The shape coefficient variation patterns for these blocks are analyzed in [FIG-
URE:12] through [FIGURE:14]. The maximum shape coefficients for blocks A1,
A2 range from 0.4-0.5, 0.7-0.8, and 0.5-0.7, respectively. The minimum values
range from -0.8 to -0.6, -0.8 to -0.7, and -1.0 to -0.7, respectively. The windward
surface shape coefficient initially increases then decreases with height, while the
leeward surface shape coefficient gradually decreases.

The shape coefficients for blocks B1-B3 are shown in [FIGURE:13]. The shape
coefficients are smaller for vegetated cases than non-vegetated cases, demon-
strating that vegetation effectively reduces wind loads. The reduction effect
increases gradiently with greening rate, particularly in the upper building re-
gion. The shape coefficients reach maximum values at wind direction angles of
60°-120°.

The shape coefficients for blocks C1-C3 are presented in [FIGURE:14]. At R =
20.3%, the shape coefficients are significantly smaller than the code-specified
value of -0.62, indicating that vegetation substantially reduces suction on the
lower side surfaces. The maximum reduction occurs when the windward surface
is perpendicular to the incoming flow.

To analyze the magnitude of wind load reduction by vegetation at different
greening rates, the shape coefficient reduction 3 is defined as:

o /’(’S,R - I’LS,O
:U‘s,O

8 x 100%

where i, p is the shape coefficient at greening rate R (6.8%, 13.5%, or 20.3%),
and p o is the shape coefficient without vegetation.

The adjustment values of shape coefficients under different greening rates are
shown in [FIGURE:15]. The adjustment coefficient for the windward surface
decreases with increasing greening rate, with a maximum reduction of 12.6% at
R = 13.5%. The side surface adjustment coefficient shows the greatest reduction,
while the leeward surface adjustment coefficient remains essentially unchanged.
Vegetation can effectively reduce wind loads on windward and side surfaces, with
the maximum reduction occurring when the incoming flow is perpendicular to
the building.

The maximum reduction of shape coefficients for each block and correspond-
ing wind direction angles are summarized in Table 1. The results show that
R = 13.5% produces the most prominent reduction effect, with maximum re-
ductions of 64.6% for block C and 12.6% for block A. The reduction effect is
more pronounced on narrow surfaces, with the maximum reduction occurring
when the windward surface forms a 45°-60° angle with the incoming flow.
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4. Conclusions

This study obtained wind pressure data on building facades under different
greening rates through rigid pressure measurement model wind tunnel tests.
The variation patterns of wind pressure coefficients and shape coefficients on
exterior facades under typical wind direction angles were investigated. The
main conclusions are:

1. Vegetation has minimal impact on mean wind pressure on the windward
surface. As greening rate increases, vegetation strongly suppresses wind
pressure at windward edges and side surfaces, reducing maximum negative
pressure while improving local strong wind effects on the building facade.

2. The coherence of fluctuating wind pressure on side and leeward surfaces
is relatively low. The coherence function on the windward surface shows
exponential decay, and vegetation reduces the coherence of fluctuating
wind pressure on the windward surface.

3. The adjusted shape coefficients for side and leeward surfaces are signifi-
cantly larger than code-specified values. The shape coefficients in current
specifications are conservative for windward surfaces but potentially un-
safe for side and leeward surfaces.

4. Building wind loads are closely related to wind direction angles. The max-
imum reduction in windward surface shape coefficients occurs when the
windward surface forms a 45°-60° angle with the incoming flow. Vegeta-
tion provides the greatest reduction in side surface wind loads when the
incoming flow is perpendicular to the building.

These research results can provide references for wind-resistant design of similar
high-rise buildings.
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