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Abstract: Tropical cyclones can cause tremendous harm to coastal areas. This research aims to explore
the influence of tropical cyclones on outdoor wind environments in high-rise residential areas in the
southeast coastal provinces of China, using Zhejiang Province as an example. It investigated four
cities located in Zhejiang Province, including Taizhou and Wenzhou representing coastal cities, and
Huzhou and Jiaxing representing inland cities, and collected data from 209 high-rise residential areas.
Of these 209 samples, 131 high-rise residential areas with three typical spatial layouts (i.e., rows-style,
free-style, and courtyard-style) have been selected for further studies. Numerical simulation was
conducted to analyze the outdoor wind environment of these three types of high-rise residential
areas, where the height of buildings was set as 26 floors (75 m), during tropical cyclones. Based
on a comparison of the wind velocity at the horizontal planes of 1.5 m high and 10 m high, it was
found that the spatial layouts of high-rise residential areas could mitigate the negative impact of
tropical cyclones on the outdoor wind environment. Specifically, in the coastal cities, the courtyard-
style layout led to a relatively small proportion of high wind speed areas (e.g., wind velocity above
14.4 m/s) in the high-rise residential areas; and in the inland cities, the free-style layout led to a
relatively small proportion of high wind speed area in the high-rise residential area. In turn, to
better cope with the tropical cyclones, it was suggested that the courtyard-style layout should be
recommended for high-rise residential areas located in the coastal cities and the free-style layout
should be recommended for high-rise residential areas located in the inland cities in coastal provinces.

Keywords: wind environment; tropical cyclones; high-rise residential buildings; coastal cities;

numerical simulation

1. Introduction

China is a country regularly hit by tropical cyclones (TCs) [1]. Statistically speaking,
there are around 7-9 TCs that land in China every year [1-3]. TCs bring strong winds and
heavy precipitation to coastal cities and often result in damage to the buildings, roads,
urban infrastructure and landscape, and sometimes personal injury [4-6]. With the rapid
urbanization in China and the increase in population in the southeast coastal provinces, a
large number of high-rise residential communities were built in cities in Jiangsu, Zhejiang,
and Fujian provinces. These high-rise buildings can further impact the wind environment
around the buildings [7,8], for instance, increasing the pedestrian-level wind speed [9].
During the duration of TCs, therefore, the potential safety risk for pedestrians (especially
the elderly and children) in these high-rise residential communities will be significantly
increased. This paper aims to explore the influence of different spatial layouts of high-rise
residential areas on the outdoor wind environment under TCs. Previous research in this
field was mainly focused on field measurement. For instance, Li et al. investigated the wind
environment around a high-rise building during a landfall typhoon and reported that the
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relationship between the turbulence intensity and gust factor could be described by a power
law [10]. Wang et al. measured the wind flow on the roof of a high-rise building under
typhoons and found that, when the angle between the incoming flow and the building
was 45°, the impact of typhoons was relatively small [11]. Wang et al. investigated the
characteristics of the wind field on the roofs of three high-rise buildings during typhoons
based on field measurement and provided recommended design strategies that could
mitigate the impact of turbulence on high-rise buildings in typhoon-prone areas [12].
Li et al. evaluated the serviceability of high-rise buildings during typhoons and indicated
that the buildings next to the high-rise buildings played an important role in reducing the
influence of typhoons [13]. The potential safety issues due to the impact of tropical cyclones
on high-rise buildings have also been researched [14-16]. These studies provided useful
evidence to inform the design of high-rise buildings in coastal cities. However, there was
a lack of research on the influence of TCs on the outdoor wind environment in high-rise
residential areas in coastal provinces.

This paper analyzes the typical spatial layouts of high-rise residential areas in the
coastal and inland cities of Zhejiang Province and simulates the outdoor wind environment
at 1.5 m and 10 m horizontal planes during TCs. It aims to explore the impact of TCs on
the outdoor wind environment in these areas. It is expected that some discussions and
findings would lead to spatial design guidance that could help adapt high-rise residential
areas located in Zhejiang Province and other southeast coastal provinces of China to TCs.

2. Investigation on High-Rise Residential Areas in Zhejiang Provinces, China

This paper investigates high-rise residential areas in four cities in Zhejiang Province, China,
including two coastal cities (e.g., Taizhou and Wenzhou) and two inland cities (e.g., Huzhou
and Jiaxing) (Figure 1). Two hundred and nine typical high-rise residential areas in these
cities (including 31 in Taizhou, 89 in Wenzhou, 44 in Jiaxing, and 45 in Huzhou) were
randomly selected for further studies. A site investigation was then conducted to collect
information on these residential areas (e.g., spatial layouts, total floor numbers, etc.).
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Figure 1. Location of four cities in Zhejiang Province.
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Based on the classification method from previous research, the spatial layouts of
the 209 high-rise residential areas have been divided into five categories [17], which are
(1) rows-style (i.e., residential buildings are arranged in rows according to a certain orien-
tation and spacing); (2) free-style (i.e., residential buildings are freely arranged according
to factors such as sunlight); (3) courtyard-style (i.e., residential buildings are designed
to form an internal courtyard); (4) dot-style (i.e., residential towers are designed in a
compact layout); and (5) strip-style (i.e., residential buildings have a large length-width

ratio) (Figure 2).
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Figure 2. Five typical spatial layouts of high-rise residential areas.

The spatial layouts of 209 high-rise residential areas have been classified and sum-
marized in Figure 3. Considering that the spatial layouts of dot-style and strip-style can
hardly be changed in real projects under the control of ‘Standard for Urban Residential
Area Planning and Design’ (e.g., floor—area ratio, green space ratio, etc.), these two types
have been excluded from this study. High-rise residential areas with a rows-style layout
(62 samples), a free-style layout (22 samples), and a courtyard-style layout (47 samples)
have been selected for further analysis (131 samples in total). Figure 4 shows the typical
building sections of these three spatial layouts.
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Figure 3. The number of residential areas with different layout forms.
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Figure 4. Typical building sections of the three layouts (‘W is the distance between two residential
buildings per the ‘Standard for Urban Residential Area Planning and Design’).

According to the onsite observation and measurement of the building height in 131
high-rise residential areas, most buildings are 22-, 26-, or 28-floors high. To ensure that the
simulation results would reflect the real situation of most of the cases, this research set the
building height as 26 floors in the numerical simulation of the outdoor wind environment.

3. Methods of Numerical Simulation of Wind Environment
3.1. Verification of Numerical Simulation Method

Nonomura et al. conducted wind tunnel experiments on the flow field around simple
building blocks and tested the wind speed ratio around the central building at different inci-
dent angles [18]. Using this benchmarking model, the Architectural Institute of Japan (AlJ)
conducted a range of numerical simulation experiments and preliminarily summarized the
calculation conditions for numerical simulation [19]. Using these calculation conditions,
this paper compares the simulation results produced by the SKE model, standard low-
Reynolds number k—¢ (LRKE) model, standard two-layer k-¢ (STLKE) model, realizable
k—¢ (RKE) model, and realizable two-layer k-¢ (RTLKE) model with the results of wind
tunnel experiments to identify the most appropriate model for simulating and analyzing
the outdoor wind environment around high-rise residential buildings.

This paper uses the software of Star CCM+ to conduct numerical simulations. The
calculation conditions refer to the AlJ experimental settings (Table 1) [19]. Twelve test
points are arranged around the buildings, as shown in Figure 5.

Figure 5. Generated mesh and test points.
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Table 1. Calculation conditions of numerical simulation.

Computational domain

3.0mx 2.0mx 1.8 m.

Inflow boundary condition

Interpolated value of wind velocity (U) and turbulent kinetic
energy (k) from the experimental approaching flow, ¢ was
calculated by assuming that Pk = ¢.

Outflow boundary condition

Zero-gradient condition.

Ground surface boundary

Logarithmic law with roughness length (z0 = 4.5 x 10~# [m]).

Lateral and upper surfaces ofthe computational domain

Logarithmic law for a smooth surface wall.

Mesh discretization

Polyhedral meshes are used. Base mesh size was 0.12 m, the relative
mesh size of the building was 10% of the base mesh size, and the

relative mesh size in the area near the buildings was 16% of the base
mesh size. The generated mesh is shown in Figure 5.

Turbulence model

The SKE mode, LRKE model, STLKE model, RKE model, and
RTLKE model were selected.

The simulation results are shown in Figure 6. The simulation results of the five models
are close to those of wind tunnel experiments (with a Standard Division less than 0.4),
though the deviation becomes slightly larger when the wind speed ratio goes beyond 0.8.
Among all the turbulence models, the simulation results of the RKE model are closest to
those of wind tunnel experiments (SD = 0.315).
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Figure 6. Wind speed ratio at test points and standard deviation.

3.2. Analysis of Wind Speed Affected by Tropical Cyclones

Affected by dense urban fabrics, the wind speed in urban areas is relatively slow. Zhang
tested the wind speed around high-rise buildings in Wenzhou during TCs (i.e., Matmo, Chan-
hom, Trami, Dujuan, Soulik) [20]. The maximum measured average wind speeds in 10 min
were 13.2 m/s in TCs Matmo, 12.8 m/s in TCs Chan-hom, 15.84 m/s in TCs Trami, 14.8 m/s
in TCs Dujuan, and 16.6 m/s in TCs Soulik. To cover most TC scenarios for coastal cities,
this paper set the wind speed as 15 m/s to simulate the outdoor wind environment of
high-rise residential areas in coastal cities. Li et al. analyzed the characteristic distribution
of surface winds associated with 51 TCs that landed in mainland China in 2008-2014 and
found that there was a high frequency of 6-7 gales in inland cities (e.g., Jiaxing, Huzhou,
etc.) in coastal provinces during TCs [21]. To cover most TC scenarios for inland cities, this
paper set the wind speed as 12 m/s to simulate the outdoor wind environment of high-rise
residential areas in inland cities of coastal provinces.

3.3. Numerical Simulation of High-Rise Residential Buildings

The numerical simulation method was applied to analyze the outdoor wind environ-
ment of high-rise residential areas with three typical layouts during TCs. The relevant
settings are described in the following subsections.
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3.3.1. Simplifying the Model

To facilitate numerical simulation and the subsequent comparative studies, the model
of the high-rise residential area was simplified by removing temporary structures and
streamlining the building types. The building height was set as 26 floors (e.g., 75 m).
Figure 7 shows the results of the simplified models.

a) rows-style b) free-style c) courtyard-style
Figure 7. Simplified models and mesh generation.

3.3.2. Setting the Computational Domain

The building coverage was less than 3% of the entire computational domain. The
target building was 3H (H referred to the maximum height of the target building) away
from the inflow boundary, 5H away from the side boundary, 10H away from the outflow
boundary, and 5H away from the top of the area [22,23]. Since the height of the target
buildings was set as 75 m in this simulation, the target buildings were located 225 m away
from the inflow boundary, 750 m away from the outflow boundary, 375 m away from the
side boundary, and 375 m away from the top in the computational domain.

3.3.3. Mesh Generation

Considering that polyhedral mesh could generate more accurate simulation results
with a lower mesh amount and calculation time [24], this paper selected polyhedral mesh
for numerical simulation. First, the base mesh size of the computational domain was set.
A relatively small mesh size was used for the buildings and the areas near the buildings
to make sure that each boundary had more than 10 mesh elements [22,23]. The boundary
layer meshes were added to the ground and the buildings [22]. Mesh sensitivity analysis
was conducted in Section 3.4 of this paper. According to the results of mesh sensitivity
analysis, the base mesh size of the computational domain was determined to be 40 m,
the relative mesh size of the high-rise residential buildings was 4% of the base mesh size,
and the relative mesh size of the areas near the buildings was 20% of the base mesh size.
Figure 7 shows the generated mesh. The entire computational domain was divided into
around 0.6 million mesh.

3.3.4. The Physical Model

The gas in the computational domain was set with a steady and constant density. The
RKE Model was used as the turbulence model. The simulation accuracy of this model has
been verified in Section 3.1 of this paper.

3.3.5. Setting of Boundary Conditions

Inlet Boundary: The wind velocity (U) was set as 15.0 m/s (coastal cities), 12 m/s
(inland cities in coastal provinces), and the wind was from the southeast (i.e., the same
direction as TCs). The turbulent kinetic energy (k) and turbulent energy dissipation rate (¢)
could be calculated [22].

Outlet Boundary: The gradient of each flow parameter (U, k, ¢) along the streamline
direction was 0.

Building surface boundary: The smooth wall condition was selected, and the parame-
ters were set with default values.



Sustainability 2022, 14, 3932

7 of 15

Ground boundary: The rough wall condition was selected, and the parameters were
set with default values.

Side boundary and Top boundary: The smooth wall condition was selected, and the
parameters were set with default values.

The above conditions were set in numerical simulation, and the evaluation area of each
residential area was set as the space between buildings, including 15 m setbacks (i.e., the
red dot line in Figure 3). The evaluation area of each layout was approximately 3.71 Ha.
The wind environment at the horizontal planes of 1.5 m and 10 m high was analyzed and
evaluated; 1.5 m was the height for pedestrians to participate in outdoor activities and 10 m
was the maximum height of outdoor structures and trees. Since the space with a height of
more than 10 m had nothing to do with people’s outdoor activities, it was not taken into
account in this paper.

Based on previous research on a comfortable wind environment [25-27], Soligo et al.
summarized the preferable wind speed for different human activities (e.g., sitting, standing,
walking, etc.) and indicated that people would feel uncomfortable if the wind speed was
higher than 5 m/s (18 km/h) and the frequency was higher than 20%, and the wind would
result in a potential safety risk, especially for the elderly and children, if its speed was
higher than 14.4 m/s (52 km/h) with a frequency higher than 0.1% [28].

Since this research focuses on the impact of TCs on the outdoor wind environment,
the default field functions in the software were used to analyze the areas with a wind
speed higher than 14.4 m/s and to calculate the ratio of the high wind speed area to the
evaluation area.

3.4. Mesh Sensitivity Analysis

Referring to previous research [22,23], the base mesh sizes were set to 45 m, 40 m,
and 35 m, and the relative mesh size of the high-rise residential building was 4% of the
base mesh size and the relative mesh size in the areas near the buildings was 20% of the
base mesh size. The simulation conditions were described in Section 3.3 of this paper. The
residential area with a rows-style layout was used to test the mesh sensitivity. Twenty
test points were arranged along a straight line at a height of 1.5 m above the ground
(Figure 7a). The comparative results of wind speed values at 20 test points under three
sizes of mesh were shown in Figure 8. Comparing the wind speed variation lines of 45 m
and 40 m in the figure, the deviation of wind speed values of some test points was slightly
different. Comparing the wind speed variation lines of 40 m and 35 m in the figure, the
data were relatively consistent and there was no significant difference. Therefore, the
40 m mesh was selected as the base mesh for numerical simulations in this paper (See in
Supplementary Material).
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Figure 8. Comparison of wind speeds at test points under three sizes of mesh.
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4. Results
4.1. Results of Numerical Simulation of Wind Environment in Coastal Cities
4.1.1. High-Rise Residential Areas with a Rows-Style Layout

Figure 9a shows the cloud chart regarding wind velocity at a height of 1.5 m. The
maximum wind velocity in the area was 21.15 m/s. The area with a wind velocity of higher
than 14.4 m/s accounted for approximately 19.3% of the total evaluation area. Figure 9b
shows the cloud chart regarding wind velocity at a height of 10 m. The maximum wind
velocity in the area was 21.53 m/s. The area with a wind velocity of higher than 14.4 m/s
accounted for approximately 21.5% of the total evaluation area.

Figure 9. Cloud chart regarding wind velocity in high-rise residential areas with a rows-style layout.

4.1.2. High-Rise Residential Buildings with a Free-Style Layout

Figure 10a shows the cloud chart regarding wind velocity at a height of 1.5 m. The
maximum wind velocity in the area was 21.66 m/s. The area with a wind velocity of higher
than 14.4 m/s accounted for approximately 20.0% of the total evaluation area. Figure 10b
shows the cloud chart regarding wind velocity at a height of 10 m. The maximum wind
velocity in the area was 21.55 m/s. The area with a wind velocity of higher than 14.4 m/s
accounted for approximately 23.6% of the total evaluation area.

t33) 21.66

~‘-// 00000

Figure 10. Cloud chart regarding wind velocity in high-rise residential areas with a free-style layout.
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4.1.3. High-Rise Residential Buildings with a Courtyard-Style Layout

Figure 11a shows the cloud chart regarding wind velocity at a height of 1.5 m. The
maximum wind velocity in the area was 21.26 m/s. The area with a wind velocity of higher
than 14.4 m/s accounted for approximately 16.6% of the total evaluation area. Figure 11b
shows the cloud chart regarding wind velocity at a height of 10 m. The maximum wind
velocity in the area was 21.71 m/s. The area with a wind velocity of higher than 14.4 m/s
accounted for approximately 19.2% of the total evaluation area.

17.00 21.26

=

Figure 11. Cloud chart regarding wind velocity in high-rise residential areas with a courtyard-
style layout.

Further discussion on the wind environment of three spatial layouts in coastal cities,
including the maximum wind speed, the proportion of areas with wind speed higher than
14.4 m/s, and the area with high wind speed, can be found in Tables 2 and 3.

Table 2. Comparison of wind environment at the horizontal plane with a height of 1.5 m.

Proportion of Areas

Layout Form MaXig;leT dWind with Wind Speed A;s?n‘gig;?eig’h
Higher than 14.4 m/s
Rows-style 21.15m/s 19.3% 7152 m?
Freestyle 21.66 m/s 20.0% 7426 m?
Courtyard-style 21.26 m/s 16.6% 6146 m?

Table 3. Comparison of wind environment at the horizontal plane with a height of 10 m.

Proportion of Areas

Layout Form Maanm:: dWmd with Wind Speed A;sianvslgh i?h
P Higher than 14.4 m/s P
Rows-style 21.53m/s 21.5% 7967 m?
Freestyle 21.55m/s 23.6% 8766 m?2

Courtyard-style 21.71m/s 19.2% 7108 m?
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4.2. Results of Numerical Simulation of Wind Environment in Inland Cities of Coastal Provinces
4.2.1. High-Rise Residential Areas with a Rows-Style Layout

Figure 12a shows the cloud chart regarding wind velocity at a height of 1.5 m. The
maximum wind velocity in the area was 16.88 m/s. The area with a wind velocity of higher
than 14.4 m/s accounted for approximately 4.4% of the total evaluation area. Figure 12b
shows the cloud chart regarding wind velocity at a height of 10 m. The maximum wind
velocity in the area was 17.15 m/s. The area with a wind velocity of higher than 14.4 m/s
accounted for approximately 5.4% of the total evaluation area.

Figure 12. Cloud chart regarding wind velocity in high-rise residential areas with a rows-style layout.

4.2.2. High-Rise Residential Buildings with a Free-Style Layout

Figure 13a shows the cloud chart regarding wind velocity at a height of 1.5 m. The
maximum wind velocity in the area was 17.35 m/s. The area with a wind velocity of higher
than 14.4 m/s accounted for approximately 3.5% of the total evaluation area. Figure 13b
shows the cloud chart regarding wind velocity at a height of 10 m. The maximum wind
velocity in the area was 17.24 m/s. The area with a wind velocity of higher than 14.4 m/s
accounted for approximately 4.2% of the total evaluation area.

Figure 13. Cloud chart regarding wind velocity in high-rise residential areas with a free-style layout.
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4.2.3. High-Rise Residential Buildings with a Courtyard-Style Layout

Figure 14a shows the cloud chart regarding wind velocity at a height of 1.5 m. The
maximum wind velocity in the area was 17.03 m/s. The area with a wind velocity of higher
than 14.4 m/s accounted for approximately 4.2% of the total evaluation area. Figure 14b
shows the cloud chart regarding wind velocity at a height of 10 m. The maximum wind
velocity in the area was17.36 m/s. The area with a wind velocity of higher than 14.4 m/s
accounted for approximately 4.9% of the total evaluation area.

13.89 17.36

Figure 14. Cloud chart regarding wind velocity in high-rise residential areas with a courtyard-

style layout.

Further discussion on the wind environment of three layouts in inland cities, including
the maximum wind speed, the proportion of areas with wind speed higher than 14.4 m/s,
and the area with high wind speed areas, can be found in Tables 4 and 5.

Table 4. Comparison of wind environment at the horizontal plane with a height of 1.5 m.

Proportion of Areas

Layout Form Maxirsnr:z: dWind with Wind Speed A‘rls?nv;ig}l,iidgh
Higher than 14.4 m/s
Rows-style 16.88 m/s 4.4% 1618 m?
Freestyle 17.35m/s 3.5% 1293 m?
Courtyard-style 17.03m/s 4.2% 1557 m?

Table 5. Comparison of wind environment at the horizontal plane with a height of 10 m.

Proportion of Areas

Layout Form MaXiIsl;;T dWind with Wind Speed A;s?nv;i;};iigh
Higher than 14.4 m/s
Rows-style 17.15m/s 5.4% 2002 m?
Freestyle 17.24m/s 4.2% 1566 m?
Courtyard-style 17.36 m/s 4.9% 1806 m?

5. Discussion

Based on a comparison of the cloud charts regarding wind velocity in high-rise resi-
dential areas with three typical spatial layouts under TCs, it was found that the high wind
speed areas under the rows-style layout were mainly concentrated in the space between
two parallel buildings, and the wider the building, the larger the high wind speed area.
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The high wind speed areas under the free-style layout were mainly located between the
gables of two nearby high-rise buildings. The high wind speed areas under the courtyard-
style layout were relatively scattered, with no specific distribution pattern identified. To
summarize, the high wind speed area is likely to appear between the gables of two close
high-rise buildings or between two parallel high-rise slab-type apartment buildings, and
the longer the length of the slab-type buildings, the bigger the high wind speed areas.

The wind environment at the horizontal plane with a height of 1.5 m in high-rise
residential areas of coastal cities with the three typical spatial layouts are shown in Table 2.
The maximum wind speed appears in the high-rise residential area with a free-style layout,
which is approximately 21.66 m/s. The high-rise residential area with a freestyle layout
has the largest proportion of high wind speed area (over 14.4 m/s) in the evaluation area,
which is 20.0%. In addition, the high-rise residential area with a courtyard-style layout has
the smallest proportion of high wind speed area, which is 16.6%. For a residential area of
approximately 3.71 Ha, the area with a high wind speed in the free-style layout is 1280 m?
larger than that in the courtyard-style layout. As a result, more interventions would be
required in high-rise residential areas with a free-style layout to mitigate the negative
impact of TCs. To conclude, to achieve a relatively good outdoor wind environment at
1.5 m high for high-rise residential areas located in coastal cities, the courtyard-style layout
is recommended.

The wind environment at the horizontal plane with a height of 10 m in high-rise
residential areas in coastal cities with the three typical spatial layouts is shown in Table 3.
The maximum wind speeds of the three layouts are similar, with 21.53 m/s for the rows-
style layout, 21.55 m/s for the freestyle layout, and 21.71 m/s for the courtyard-style layout.
The high-rise residential area with a free-style layout has the largest proportion of high
wind speed area (over 14.4 m/s) in the evaluation area, which is 23.6%, and the high-rise
residential area with a courtyard-style layout has the smallest proportion of high wind
speed area, which is 19.2%. For a residential area of approximately 3.71 Ha, the area with a
high wind speed in the free-style layout is 1650 m? larger than that in the courtyard-style
layout. As a result, more interventions would be required in high-rise residential areas
with a free-style layout to mitigate the negative impact of TCs. To conclude, to achieve
a relatively good outdoor wind environment at 10 m high for high-rise residential areas
located in coastal cities, the courtyard-style layout is recommended.

As indicated by the comparison of the wind environments of high-rise residential
areas in coastal cities at the horizontal planes of 1.5 m and 10 m high, the ratio of high wind
speed area to the total evaluation area was relatively small in the courtyard-style layout,
implying a better performance in response to TCs.

The wind environment at the horizontal plane of 1.5 m high in high-rise residential
areas in inland cities of coastal provinces with the three typical layouts is shown in Table 4.
The maximum wind speeds of the three layouts were different, with 16.88 m/s for rows-
style, 17.35 m/s, for freestyle, and 17.03 m/s for courtyard-style layouts. The high-rise
residential area with a rows-style layout has the largest proportion of high wind speed
area (over 14.4 m/s) in the evaluation area, which is 4.4%, and the high-rise residential
area with a free-style layout has the smallest proportion of high wind speed area, which is
3.5%. For a residential area of approximately 3.71 Ha, the area with a high wind speed in
the rows-style layout is 320 m? larger than that in the free-style layout. As a result, more
interventions would be required in high-rise residential areas with a rows-style layout to
mitigate the negative impact of TCs. To conclude, to achieve a relatively good outdoor
wind environment at 1.5 m high for high-rise residential areas located in inland cities of
coastal provinces, the free-style layout is recommended.

The wind environment at the horizontal plane of 10 m high in high-rise residential
areas in inland cities of coastal provinces with the three typical layouts is shown in Table 5.
The maximum wind speed appears in the high-rise residential with a courtyard layout,
which is approximately 17.36 m/s. The rows-style layout has the largest proportion of
high wind speed area (over 14.4 m/s) in the evaluation area, which is 5.4%, and the
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smallest proportion is the high-rise residential area with a free-style layout, which is 4.2%.
For a residential area of approximately 3.71 Ha, the area with a high wind speed in the
rows-style layout is 430 m? larger than that in the free-style layout. As a result, more
interventions would be required in high-rise residential areas with a rows-style layout to
mitigate the negative impact of TCs. To conclude, to achieve a relatively good outdoor
wind environment at 10 m high for high-rise residential areas located in inland cities of
coastal provinces, the free-style layout is recommended.

As indicated by the comparison of the wind environments of high-rise residential
areas in inland cities of coastal provinces at the horizontal planes of 1.5 m and 10 m high,
the ratio of the high wind speed area to the total evaluation area was relatively small in the
free-style layout, implying a better performance in response to TCs.

Previous research on the impact of different spatial layouts of residential areas on the
outdoor wind environment was mainly focused on typical climate conditions. For instance,
Hong et al. analyzed the impact of different building layout patterns on the outdoor wind
environment in summers [29]. Jin et al. analyzed the impact of different building layouts
on the outdoor wind environment in severe cold regions of China [30]. Meanwhile, there is
a lack of research on the impact of spatial layouts of residential areas on the outdoor wind
environment under an extreme climate such as TCs. This paper investigated the outdoor
wind environment of high-rise residential areas under TCs. Based on the analysis of the
impact of different spatial layouts on the area with a high wind speed under TCs, it is
found that the courtyard-style layout is recommended for high-rise residential areas located
in coastal cities, and the free-style layout is recommended for high-rise residential areas
located in inland cities of coastal provinces. To mitigate the potential risks in residential
areas with high wind speeds under TCs, the following actions have been suggested: (1) Do
not allocate outdoor activity space (e.g., children’s playgrounds, fitness areas, etc.) in these
areas, (2) add lawn and shrubs and reduce tall trees, and (3) reduce unnecessary decorations
on the building fagade and use high-strength glass for the windows facing the areas with
high wind speeds.

6. Conclusions

In this study, an investigation was carried out among 131 high-rise residential areas in
Zhejiang Province, China, including three typical spatial layouts: The rows-style layout,
the free-style layout, and the courtyard-style layout.

When TCs strikes, areas with high wind speeds are likely to appear between the gables
of two close high-rise buildings or between two parallel high-rise slab-type apartment
buildings. The longer the length of the slab-type building, the larger the area with a high
wind speed. In areas prone to high wind speeds, human activities should be reduced as
much as possible.

Based on a comparative analysis of the outdoor wind environment of high-rise residen-
tial areas at the horizontal planes of 1.5 m and 10 m high, high-rise residential areas with
a courtyard-style layout in coastal cities and high-rise residential areas with a free-style
layout in inland cities of coastal provinces performed better than others in coping with TCs.
Hence, it was concluded that the courtyard-style layout should be recommended for high-
rise residential areas in coastal cities and the free-style layout should be recommended for
high-rise residential areas in inland cities of coastal provinces in future urban construction
in order to minimize the negative impact of TCs.

This paper was mainly concerned with the analysis of high-frequency and high-
velocity ground wind in cities in different coastal areas. Some lower-frequency and higher-
velocity winds may cause more harm, which will be further researched in the future.
Additionally, the verification of numerical simulation in Section 3.1 was based on previous
experiments using standardized building blocks. Further studies are therefore needed
to explore the difference between the numerical simulation results and the wind-tunnel
experiment results for different spatial layouts in future work.
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