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Abstract: Wind flow over complex terrain is strongly influenced by the topographical features of
the region, resulting in unpredictable local wind characteristics. This paper employs numerical
simulation to study the wind flow at a towering peak extending out of a steep mountainside and
the wind-induced effect on onsite landscape platforms. First, the wind flow from seven different
directions is explored via 3D numerical simulations, and the wind load distribution on the platforms
is highlighted. Second, a 2D numerical simulation is conducted to evaluate the wind speedup effect
at the side peak, examining the influence of the side peak height and the mountainside steepness
on the wind speedup factor. The numerical simulations presented in this research were validated
by replicating a published numerical and experimental study. The results illustrate the amplifying
and blocking effects of the surrounding topography, yielding unpredictable and nonuniform wind
pressure distribution on the platforms. The presence of the side peak leads to a significant increase
in the speedup factor, and the side peak height and the mountainside steepness have a moderate
influence on the value of the speedup factor. Additionally, the speedup factor obtained from this
study varies significantly, especially near the surface, from the recommendations of several wind
load standards. Consequently, the impact of the local terrain and the wind speedup effect must be
thoroughly assessed to ensure the structural integrity of structures installed at a similar topography.

Keywords: numerical simulation; speedup factor; computational fluid dynamic; complex structure;
simulation accuracy

MSC: 74F10; 76F40

1. Introduction

The atmospheric boundary layer (ABL) over mountainous regions is significantly
affected by the local topography, resulting in its complex behavior. This complexity poses
challenges for scientists and engineers who require comprehensive evaluations of the wind
field within the relevant terrains. Moreover, this need becomes even more pronounced
with the escalating expansion of human projects—such as transportation infrastructures
and wind farms—into intricate regions. Over the past few decades, scholars have relied
on field measurements to extract local wind data. However, this approach poses certain
economic and technical challenges, especially when studying the wind field at a larger
scale. Researchers have employed alternative methods, primarily wind tunnel tests and
numerical simulations, to overcome these limitations.

Recent significant technological advancements, combined with the constant improve-
ment in computational fluid dynamics (CFD) software, have promoted the utilization of
numerical simulations to investigate wind field characteristics over mountainous valleys.
Hu et al. [1] numerically studied the wind flow over hilly terrain and proposed a novel
turbulence generating method. The numerical simulation successfully predicted the wind
field characteristics over realistic hilly terrain and three-dimensional hills with different
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slopes. Song et al. [2] conducted numerical simulation for the wind field in complex terrain.
The results were validated by the wind tunnel test, and it was established that the k-models
produced superior predictions to those of other RANS models. Blocken et al. [3] utilized
CFD simulation and field measurements to evaluate the wind characteristics in intricate
terrains. The results obtained by applying the steady realizable k-ε model show great
consistency with the experimental data. Moreira et al. [4] assessed the ability of various
RANS turbulence models to simulate airflow over the complex terrain of Askervein Hill
accurately. Han et al. [5] proposed a multiscale coupling approach suitable for determining
the inlet mean wind speed for numerical simulations of the wind field in mountain gorges.
In addition to conducting CFD simulations of wind fields in natural topography, researchers
have extensively studied wind flow over typical circular hills [6–9].

The intricate nature of real terrains often subjects the wind flow to a speeding-up effect,
a phenomenon that has been extensively discussed by many scholars [10–13]. Flay et al. [14]
conducted a comprehensive investigation of the speedup effect in the Belmont Hill region
to enhance wind speed predictions. This study involved a comparison of various national
wind standards with speedup predictions based on field observations. Chen et al. [15]
utilized wind tunnel tests and numerical simulations to assess the speedup effect at the
peaks of coastal island mountains, and the influence of the large-scale topography on the
speedup effect was highlighted. Pirooz et al. [16] performed numerical simulations for
2D and 3D bell-shaped hills to evaluate the accuracy of speedup multipliers suggested by
various wind load standards. The results, validated by a wind tunnel test, revealed certain
variations from the recommended values.

Despite abundant research focusing on the wind flow around and through structures
on flat surfaces [17–19], understanding the wind-induced effects on structures in complex
terrains remains inadequate. Meng et al. [20] conducted a CFD simulation for a tall building
with a rectangular section in relatively complex topography. The study revealed significant
negative pressure on the building’s side surfaces caused by flow separation induced by
the front terrain. Han et al. [21] employed numerical simulation to evaluate the impact of
surrounding hilly terrain on the wind-induced pressure of a traditional temple within a
complex terrain. Lee-Sak et al. [22] conducted wind tunnel tests to assess the influence of
terrain complexity on the wind load of low-rise buildings. The experiment also highlighted
the effect of terrain roughness on wind flow characteristics such as turbulence intensity.

In the last few decades, the Chinese economy and local individuals’ incomes have
grown exponentially. This growth led to a significant expansion in the local tourism indus-
try. Many local governments and businesses have capitalized on the local natural features,
including hills, waterfalls, and forests, to leverage this growth and attract the largest pos-
sible number of visitors. This study presents a comprehensive 3D and 2D simulation
investigation of the wind field at a towering peak protruding from a steep mountainside,
as depicted in Figure 1. This peak serves as the site for a front butterfly-lookalike landscape
platform, which will be connected—via a glass bridge over a narrow col—to a second
platform on the mountainside. This platform will hover over the astonishing landscapes
of Dajue Mountain, becoming a new tourist attraction and contributing to the region’s
economic growth.

As ecotourism gains popularity, the emergence of structures in similar locations is
expected to increase. Given the limited existing research on the wind loads experienced by
complex structures at unique sites, such as towering peaks, a thorough investigation of the
local wind field and its impact on structures is highly needed. This research aims to enhance
the understanding of the wind flow around architecturally sophisticated structure and ana-
lyze the influence of surrounding topography on its behavior. The study provides essential
information for designing engineers to ensure the stability of the structure under various
wind speeds and directions. Additionally, the research evaluates the speedup effect at the
side peak, emphasizing the impact of the side peak height and the mountainside steepness
on the speedup factor. The CFD simulation results are compared to the recommendations
of several national wind load standards. This investigation holds practical merit and offers
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valuable guidance for relevant future research. The remainder of this paper is as follows:
Section 2 presents numerical simulations of the wind flow over complex terrain, focusing
on the impact of the surrounding topography on the platforms wind-induced pressure.
Section 3 examines the speedup effect at the side peak and the influence of different side
peak heights and mountainside slopes. Section 2 lists the findings of this research.
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Figure 1. The local topography and 3D model of the computational domain and platforms.

2. 3D Numerical Simulation
2.1. Computational Domain and Flow Directions

The targeted simulation domain is within Dajue Mountain Jiangxi Province, China.
The side peak stands at approximately 90 m on the steep mountainside. This towering peak
is isolated from the main body of the mountain by a narrow col with a width of 10 m. The
steel butterfly-lookalike landscape platforms have maximum dimensions of 60 m in length
and 75 m in width. The overall height of the platform is 29 m, and the glass bridge spans a
length of 40.5 m, as illustrated in Figure 1.

The model of the local topography of Dajue Mountain was generated using digital
elevation model (DEM) data provided by NASA, with a resolution of 12.5 m per pixel.
The contour lines of the region were extracted by Global Mapper, and the terrain surface
was modeled using Rhinoceros. The platform models were created in Ansys SpaceClaim
(2021 R1) based on the provided architectural drawings.

According to available wind field observations, the wind flow mainly blows at high
speeds from the south and the west. Furthermore, the mountain body blocks the wind flow
from the north, leading to a significant decrease in the wind speed to less than 2 m/s at
the platforms site, as shown in Figure 2. Consequently, this study did not investigate the
wind flow from the direct north. The other seven wind directions, every 45 degrees, are
studied with the initial case (0 degrees) signifying the flow from the south. Additionally,
the numerical simulations are conducted on scaled models at a ratio of 1/100.

2.2. Mesh Arrangement

Mesh settings highly influence the wind field numerical simulation results, and poor
mesh quality could prevent the convergence of the solution. To address this, scholars have
introduced various meshing guidelines, including the aerodynamic roughness suggested
by Blocken et al. [23]. In this context, the aerodynamic roughness of the terrain surface
is represented by an equivalent sand grain size kS, and the height of the first mesh layer
cannot be less than 6 m, according to Equation (1).

ks =
9.793z0

Cs
(1)
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ks = 29.6z0 (2)

where z0 = 0.05 is the roughness height, and Cs = 0.16 is the roughness constant according
to the Chinese wind resistance code [24].
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Figure 2. Mean wind speed and direction.

Currently, researchers are utilizing several software and tools, such as Gambit and
Ansys ICEM tool, to generate mesh for wind field numerical simulation. However, due to
the geometric complexity of the landscape platforms and the natural terrain, Ansys (Fluent
meshing) (2021 R1) was used to generate the mesh, and the poly-hexacore mesh type was
chosen, as shown in Figure 3. Selecting an appropriate mesh arrangement is a repetitive
process that takes into account the simulation equality and calculation time requirements.
In this study, a grid independence test was conducted to select the ideal mesh scheme,
and three approaches with total mesh cell numbers of 11.0, 16.7, and 23.2 million were
examined. The test showed that the maximum wind speed difference of the three schemes
at the front platform was only 2.64%, as illustrated in Figure 4. Consequently, the second
scheme with 16.7 million mesh cells was applied for the subsequent simulations. In this
grid arrangement, the inner domain surrounding the platforms has a maximum cell length
of 1 m, and the entire simulation domain has mesh cells with minimum and maximum
lengths of 0.1 m and 50 m, respectively. This wide mesh size range ensures that the minor
details of complex geometry are captured while keeping the calculation time manageable.
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2.3. Atmosphere Boundary Layer and Boundary Conditions

The atmospheric boundary layer (ABL) numerical simulation has been of great inter-
est to researchers, and the currently common approaches involve wall-shear-driven and
pressure-driven models. However, since the wind flow within the ABL is generated pri-
marily through differences in regional atmospheric pressure, many scholars have utilized
pressure-driven models to simulate the airflow over natural topographies. Additionally,
the accuracy of this approach in predicting wind field characteristics in complex terrains
has been validated via comparisons with wind tunnel tests and field measurements [16].
This study utilized the pressure-driven mathematical model developed by Deaves and
Harris [25] as follows:

U(z) =
u∗

κ

(
ln
(

z
z0

)
+ 5.75

( z
h

)
− 1.875

( z
h

)2
− 1.333

( z
h

)3
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h

)4
)

(3)

where u* is the fraction velocity, κ = 0.4 is the Von Karman constant, h is the gradient
height, and f is the Coriolis parameter.

h =
u∗

6 f
(4)

The turbulence model applied in this research is the (k-ε; Realizable) model, and the
inlet profile is defined according to Richards and Norris [26] as follows:

U(z) =
u∗

κ
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)
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(
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ε(z) =
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(7)

τ = ρu∗2 (8)

where U(z) is the wind speed, k(z) is the turbulence kinetic energy, ε(z) is the turbulence
dissipation rate, τ is the wall shear stress, and ρ = 1.225 kg m−3 is the air density. The
values of the constants mentioned in Equations (5)–(7) were previously calculated by
Richards and Norris [26].
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The symmetry boundary condition is assigned to the top and side surfaces, and the
pressure outlet boundary condition with zero-gauge pressure is applied at the outlet of the
domain. The terrain’s surface and platforms are selected as no-slip walls, and the surface
roughness of the terrain due to the vegetation cover is represented by the corresponding
wall function parameters kS and CS, as in Equation (1). This method simulates the impact of
the forest on the airflow development throughout the domain by altering the surface initial
roughness length z0 with the equivalent sand grain size roughness height kS. Additionally,
this approach is widely applied by researchers, and has produced high-quality wind
numerical simulations [3]. Furthermore, the scalable wall function is applied to the terrain
surface to ensure the accuracy of the near-ground wind simulation. The airflow simulated
in this study maintains the initial settings of Ansys Fluent, with a density of 1.225 kg m−3.
The simulation convergence criteria were set to 1 × 10−6, and the solution reached stability
within 5000 steps.

2.4. Results

The results obtained from the 3D numerical simulation conducted using Ansys Fluent
(2021 R1) are presented in this section, and the impact of the local terrain on the wind-
induced effects on the platforms is highlighted.

2.4.1. Platforms Wind-Induced Effects

The platforms’ wind-induced pressure resulting from the wind flow from seven
different directions is depicted in Figure 5 and Figure 7. The figures show that the sides
of the platform facing the wind flow direction experience significant pressure and lifting
forces. This effect is particularly evident in Cases 5 and 6, where the wind-induced positive
pressure reaches a maximum value of approximately 750 Pa. This is attributed to the
relatively open topography of the western and northwestern regions of the terrain. As in
Case 6, the wind flow experienced a speeding-up effect by the relatively shorter mountain
in the west. In Case 7, the northwestern mountains redirected the wind flow toward the
side peak, resulting in higher wind pressure. However, due to the shading effect of the
mountains in the northeast direction (Case 4), the platforms, especially the one on the
mountainside, were subjected to a significant negative wind pressure. This pressure results
from the large vortex formed behind the mountains, attempting to lift the platforms off
their bases.

Due to the complex shape of the landscape platforms and the unique installation
location, a towering peak, the wind flow undergoes critical separation, resulting in local
vortices, as depicted in Figure 6. The figure illustrates the wind flow streamlines from the
west (Case 6) and northwest directions (Case 6). As can be seen, the wind flow from the
west separates around the edges and domes of the platforms, creating small vortices. These
vortices led to the nonuniform distribution of wind pressure on the platforms and the
appearance of negative pressure. Furthermore, as the wind flow reattached, a positive wind
pressure occurred on the other side of the platforms. This force distribution, coupled with
the lifting forces resulting from the upwards redirected wind flow, imposes a significant
torsional wind load on the platforms. This torsional effect threatens the structural stability
of such lightweight metal structures, and under extreme weather conditions, this may cause
uplift or detachment of the platforms’ wings. Additionally, the glass bridge connecting the
two platforms appears to be more susceptible to damage, and wind-induced vibrations
may occur.
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2.4.2. Effect of Local Topography

The complex terrain surrounding the landscape platforms significantly influences
the approaching airflow and plays a crucial role in determining the wind-induced effects
on the structure. To closely examine the local topography effect, additional numerical
simulations of the wind flow from the front and two sides of platforms on a plain surface
were conducted. Furthermore, the same domain boundary conditions and mesh settings
used for the real terrain are applied in these CFD simulations. The numerical simulation
results of the wind flow over the real terrain and the plain surface are shown in Figure 7.
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The figure demonstrates the substantial amplifying effect imposed by the local topography
on the platforms’ wind-induced pressure. The wind pressure shows a significant increase,
reaching over five times that of the plain surface, particularly in Case 1 and Case 6, where
the relatively open area of the terrain provides an unobstructed path for the speedup effect
to occur. The following section extensively investigates the speedup effect at the site of
the front platform under Case 1, and the findings predicted a speedup factor near the
surface of around three. This threefold increase in the wind speed at the side peak is close
to the observed pressure increase of around 3.5 times on the front face of the platform. This
conclusion highlights the accuracy of the wind speedup effect predictions provided by the
second half of this study.
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Furthermore, the comparison reveals significant variations in the distribution of nega-
tive wind pressure, resulting in lifting and torsional forces. Therefore, a thorough evaluation
of the wind behavior and the effect of the surrounding topography is highly recommended
when undertaking construction projects or installing wind turbines at similar sites. Failing
to do so may result in structural failure, especially under intense weather conditions and
powerful storms.

3. Wind Speedup Effect
3.1. Wind Load Standards and Speedup Effect

The wind speedup factor refers to the ratio of the wind speed at a certain height above
the hill or escarpment to the wind speed at the same height on flat ground. The wind



Mathematics 2024, 12, 467 9 of 16

speedup factor has proven essential in determining the wind load on structures in complex
terrains. According to the previous investigation, the speedup phenomenon resulting
from the local topography could significantly amplify the wind load on local structures,
potentially causing unpredictable structural damage.

Many national wind load standards have addressed the wind speedup effect by intro-
ducing a topographic multiplier and developing straightforward mathematical approaches
to calculating this multiplier. These calculations consider various factors, such as the height
of the hill/escarpment and the horizontal distance from the hill’s peak to the targeted
hillside location. More explicit details regarding the calculation process can be found in the
listed references. This study compares the speedup factor at the side peak obtained from 2D
numerical simulations under different side peak heights (90 and 135 m) and mountainside
slopes (0.2, 0.31, and 0.5), with the topography multipliers suggested by four wind load
standards, namely AS/NZS 1170.2 (2021) [27], NBC-2020 [28], BS-EN (2005–2010) [29,30],
and ASCE-7 (2022) [31].

3.2. Computational Domain and Grid

The mountain profile used for this simulation represents a vertical section at the side
peak of the 3D model of the actual topography of Dajue Mountain, as shown in Figure 6.
Furthermore, the mountain extends upwind to the valley’s lowest point at 2185 m from the
mountain peak. The overall height of the mountain is 685 m, and the side peak extends
90 m from the mountainside. Additionally, the front mountain, located over 2800 m from
the side peak, was omitted and treated as a flat surface. This prevents the possible blocking
effect of the distant mountain, which could disturb the wind flow and divert the results.
As the backside of the mountain is not considered in this simulation, nor does it affect the
speedup factor at the side peak, it was replaced by the Witozinsky transition curve [32] and
positioned 720 m from the mountain peak. The dimensions of the computational domain
are shown in Figure 8, and the scale ratio of the simulation model is 25:100.
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This investigation utilized the Ansys CFX (2021 R1) package to carry out the numerical
simulation, and the turbulence k-ε model (realizable with scalable wall functions) and the
inlet profile defined by Equations (5)–(7) were applied. Furthermore, a zero-gauge pressure
outlet boundary condition was assigned to the domain outlet, and the symmetry boundary
condition was applied to the top boundary. As for the ground, the equivalent roughness
height kS = 1.5 and roughness constant CS = 0.16 were applied with scalable wall function
treatment to reflect the realistic aerodynamic resistance of the terrain vegetation cover, as
shown in Equation (2).
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Due to the relative simplicity of the 2D mountain profile, the Ansys ICEM (2021 R1)
meshing tool was utilized to generate the structure mesh, as shown in Figure 8. Further-
more, the mesh arrangement had a first layer height of 3 m and a maximum cell length of
10 m.

3.3. Numerical Simulation Validation

The boundary conditions and turbulence model applied in this study were also utilized
in the wind tunnel and numerical simulation study by Pirooz et al. [16]. This study
examined the speedup effect at a bell-shaped hill under varying slopes. The reliability of the
current CFD simulations was validated by replicating the published study (Pirooz et al. [16]),
and the obtained results were compared with the original ones, as shown in Figure 9. The
results show that the wind speedup factor from the conducted simulation (blue line) is
almost identical to the published result, with a maximum difference of 5.4% occurring
below 1.5 m in height. This highlights the accuracy of the numerical simulations presented
in the following discussion.
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A noticeable reduction in the inlet wind velocity and turbulence profile of numerical
simulations that employ the k-ε model was reported by Hargreaves et al. [33]. This
phenomenon could occur even prior to the presence of an obstacle. To ensure that this
did not affect the findings reached in this study, a numerical simulation for the same
domain was conducted before introducing the mountain profile, and the homogenous
development of the wind field throughout the CFD domain was evaluated. The results
demonstrate an evident consistency of the wind velocity, turbulence kinetic energy (TKE),
and turbulence dissipation rate throughout the domain, as shown in Figure 10. Furthermore,
an insignificant variation in the TKE profile emerged as the flow developed, and the
maximum value of divergence was around 3.27% which decreased as the height increased.

3.4. 2D Numerical Simulation Results
3.4.1. Wind Profile at the Side Peak

The wind speed profile at the side peak extending from the mountainside is plotted in
Figure 11. The figure shows the influence of the present side peak, with different heights, on
the wind speed. The plot illustrates that the incoming wind flow from the inlet experiences
a speeding-up effect due to the mountain, without the side peak, reaching 9.5% at a height
of 100 m (black line). However, the presence of the extending side peak amplified this effect
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to 28.5% and 37.3% for the 90 and 135 m high side peaks at 10 m above the top, respectively.
This significant increase in wind speed critically enhances the wind influence and loads on
structures at such a site. Additionally, the speedup factor extracted from the 3D simulation,
which includes the entire realistic topography of Dajue Mountain, is compared with the
results from the 2D simulation. The calculation shows a maximum difference of around
10% between the two, which falls to 7% under a height of 200 m. Considering the variations
that may occur due to the surrounding topography and the minor differences in results
between Ansys Fluent and Ansys CFX, maximum variations of 10% and 7% verify the
accuracy of the 3D numerical simulations conducted in Section 2.
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3.4.2. Speedup Effect at the Mountain Peak

The ability of different wind load standards to predict the speedup effect at the
mountain peak is evaluated via comparison with the numerical simulation findings, as
shown in Figure 12. The result reveals significant variations between the numerically
obtained speedup factors and the recommendations, especially under 50 m high. However,
the speedup factor predictions of the ASCE (2022) and AS/NZ (2021) standards over 50 m
closely agree with the simulation result.
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3.4.3. Effect of Different Mountainside Slopes

The mountainside slope directly affects the wind speedup phenomenon, especially
near the mountain surface. Figure 13 compares the speedup factor at the position of the
side peak after being replaced with a straight line of the same mountain slope under three
different slopes; 0.2, 0.31 (original slope), and 0.5. The result shows that under around 25 m,
the speedup effect decreases and then surges again; this occurred due to the presence of
the short crest before the measurement position, which causes a shading effect.
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Additionally, the difference in the speedup effect of various slopes did not surpass
14% and diminished as the height increased.

3.4.4. Effect of Different Side Peak Heights

Another factor that significantly affects the occurrence of a speedup effect is the
presence and height of the side peak. The effects of various side peak heights under
different mountainside slopes are plotted in Figure 14. The plots illustrate the significant
impact of the side peak on the speedup factor, which led to an increase of approximately
60% near the surface. Additionally, as the height of the side peak increased by 45 m, the
speedup factor increased by about 10%. Furthermore, the impact of the side peak on the
speedup factor diminishes as the mountainside slope increases. This is attributed to the
overall speeding effect caused by the mountain, which, under a certain height, increases
with the mountainside slope. This overall speeding effect reduces the significance of the
local speedup effect by the side peak.
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3.4.5. Comparison with Different National Wind Load Standards

The wind speedup factors obtained from the numerical simulation and the recommen-
dations of various wind load specifications are compared in Figure 15. The figure illustrates
the speedup effect of the 90 and 135 m high side peaks with different mountainside slopes.
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It is evident that the speedup factor suggested by the standards differs significantly
from the simulation results, especially near the peak. Furthermore, apart from BS-EN
(2005–2010), these variations diminish with increasing height. Therefore, a thorough
evaluation of the wind speedup effect is highly recommended when installing structures
at a similar topography. Otherwise, this may result in an unpredictable increase in wind
loads, leading to structural damage or, in extreme cases, posing a threat to the safety of
occupants or visitors.

4. Conclusions

Numerical simulations have been conducted to investigate the wind flow at a side
peak extending out of a mountainside in intricate terrain, where landscape platforms will
be installed. The k-e turbulence model was utilized to simulate the wind flow from seven
different directions and to evaluate the resulting platforms’ wind-induced pressure. This
study examined the speedup effect at the towering peak, and the influence of different
peak heights and mountainside slopes was explored. The major conclusions of this study
are drawn as follows:

• The landscape platforms at the side peak experienced complex patterns of wind
pressure due to the influence of surrounding topography, including amplifying and
blocking, on the wind and the flow separation around the platforms. This nonuniform
wind pressure generates critical torsional and lifting forces that could threaten the
structural stability of the platforms.

• The complex terrain substantially amplified the platforms’ wind-induced pressure,
which in some cases, reached 3.5 times that of when the structure was on flat ground.
Therefore, it is crucial to thoroughly evaluate and address this amplifying effect
during the design process of structures at such topography, especially lightweight
steel structures with complex geometries.
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• The investigation of the speedup effect at the towering peak showed that the presence
of the peak significantly magnified the speedup effect by approximately 60%, and
the variation in the peak height and mountainside steepness has a moderate impact
(around 10%) on the resulting speedup factor.

• A comparison of the numerically obtained speedup factor at the side peak and the
recommendations of several wind load standards revealed significant variations,
especially near the surface. Consequently, further attention should be given to the
speedup effect of the actual topography to ensure the accurate assessment of the
additional wind load essential for the onsite structure wind resistance design.
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