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Abstract: The design of a 69 m tall multipurpose building was investigated in this paper. The shape
of the structure above the ground was an elliptical cylinder. Under the ground, the building was
extended into a cuboid shape (for car parking). External wind pressure coefficients were determined
using three methods: wind tunnel tests, CFD, and “the simplification of the shape” (using information
defined in building standards). From the obtained results, it was evident that the simplification did
not provide results with sufficient accuracy. The external wind pressure coefficients presented in this
paper should be used for the design of a similar structure. The shape of the elliptical cylinder is very
sensitive to applied wind. Positive pressures only occur on a small area of the windward side. The
rest of the windward side is loaded with negative pressures. Therefore, torsional effects can occur,
and these can be dangerous for the structure. The leeward side is completely loaded with negative
pressures. In our case, this information was necessary for a follow-on static and dynamic analysis
of the building. Various subsoil stiffness coefficients were considered. The calculated horizontal
displacement was compared with the limit value. A measured wind direction of 20◦ caused the
maximum obtained torsional moment, and a wind direction of 90◦ induced the maximum obtained
force. The commercial program Ansys Fluent 2022 was used for the CFD simulation. The SCIA
ENGINEER 21 program was used for follow-on analysis. This paper presents brief information on the
selected turbulence model and details the settings used for the CFD simulation. Also, a description
of the wind tunnel laboratory utilized in this study is provided, along with a description of the
measuring devices used and the methodologies of the tests carried out. The main purpose of this
paper is to show how important it is to consider the wind load for the static analysis of a structure
like this.

Keywords: tall building; external pressure coefficients; experimental measurements; boundary layer
wind tunnel; computational fluid dynamics; static analysis; elliptical cylinder

1. Introduction

This paper was inspired by real structures that were built in Bratislava (the capital
city of Slovakia) in recent years (see Figure 1). These buildings look, very simply, elegant;
they are among the most beautiful buildings in Bratislava [1–3]. There are many similar
buildings all over the world, but these are taller. They are characteristic of the architecture
of the 21st century, possessing the following features: tube structure; materials—glass, steel,
aluminum, and concrete; the cladding comprises large glass panels; the total shape of the
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structure is either symmetrical or entirely asymmetrical. In this case study, as shown in
Figure 1, the buildings have one common feature—they have an elliptical cylindrical shape.

Buildings 2023, 13, 2732 2 of 27 
 

of the structure is either symmetrical or entirely asymmetrical. In this case study, as shown 
in Figure 1, the buildings have one common feature—they have an elliptical cylindrical 
shape. 

  
(a) (b) 

  
(c) (d) 

Figure 1. Tall buildings with elliptic ground plan in Bratislava: (a) three towers (for more infor-
mation, visit [1]); (b) headquarters of VUB bank; (c) national football stadium (for more information, 
visit [2]); (d) SKY PARK designed by Zaha Hadid. 

Elliptical cylinders appear to be a very easy shape to create, but the problem lies in 
determining the wind pressure distribution, accounting for the influence of the vortexes 
that are generated (this shape is not mentioned in the building standards). Therefore, the 
elliptical shape has been investigated by several researchers. A comparison between the 
five basic shapes of buildings (square, triangular, rectangular, circular, and elliptical) is 
presented in [4]. The data from wind tunnel tests were compared with values defined by 
the National Building Code of Canada and the American Society of Civil Engineers. A 
very important takeaway from this research is that elliptical-, triangular-, and rectangular-
shaped buildings are more sensitive to high torsion loading, which is induced by wind 
applied to the structure. This fact was also confirmed by the results of our research (see 
Section 3). 

A comprehensive study of tall buildings with elliptical cross-sections, using CFD 
simulation, is presented in [5]. The proportions of the cross-section (the length and the 
width expressed by the cross-sectional aspect ratio) were changed. Different wind direc-
tions and levels were measured and investigated. The aim was to predict the surface wind 

Figure 1. Tall buildings with elliptic ground plan in Bratislava: (a) three towers (for more information,
visit [1]); (b) headquarters of VUB bank; (c) national football stadium (for more information, visit [2]);
(d) SKY PARK designed by Zaha Hadid.

Elliptical cylinders appear to be a very easy shape to create, but the problem lies in
determining the wind pressure distribution, accounting for the influence of the vortexes
that are generated (this shape is not mentioned in the building standards). Therefore, the
elliptical shape has been investigated by several researchers. A comparison between the
five basic shapes of buildings (square, triangular, rectangular, circular, and elliptical) is
presented in [4]. The data from wind tunnel tests were compared with values defined by
the National Building Code of Canada and the American Society of Civil Engineers. A
very important takeaway from this research is that elliptical-, triangular-, and rectangular-
shaped buildings are more sensitive to high torsion loading, which is induced by wind
applied to the structure. This fact was also confirmed by the results of our research (see
Section 3).
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A comprehensive study of tall buildings with elliptical cross-sections, using CFD sim-
ulation, is presented in [5]. The proportions of the cross-section (the length and the width
expressed by the cross-sectional aspect ratio) were changed. Different wind directions and
levels were measured and investigated. The aim was to predict the surface wind pressure
distribution and its uses for natural ventilation in the interior spaces of tall buildings.

The shape of a whole structure is very important in determining the structure’s
response to wind. When wind is applied to a structure and the shape of the structure is
not aerodynamic, the horizontal displacements could be too large. Therefore, the selection
or optimization of a shape is an important part of the design of the structure—especially
in the case of tall (up to 100 m), high-rise (100–150 m), skyscraper (150–300 m), supertall
(300–600 m) and megatall buildings (higher than 600 m). It is mentioned in [6] that the
stiffness of the structural system affects the vertical deflection and horizontal displacements
of a building. Horizontal displacements depend on the value of wind load and also on the
aerodynamic properties of a building. Wind load increases with the height of a structure. A
high spatial stiffness of a building reduces the horizontal displacements but leads to a lower
eigenfrequency of the structure. This can be dangerous for the structure because of the
resonance at critical wind speeds (high stresses and vertical deflection will be generated).

Wind effects around an elliptical cylinder placed near a flat plate were experimentally
investigated in [7]. The distance between both elements was changed, and wind pressure
distribution on their surfaces was measured. The investigation of the elliptic shape by
tests performed in a water channel is described in [8]. The authors tried to estimate the
creation of vortexes in dependence on the height of submergence in the water channel.
Due to its significance in civil engineering design, the bluff body’s flow has been widely
investigated. Therefore, let us focus only on the elliptical cylinder. A detailed study of
a stationary elliptical cylinder was presented by Modi and Wiland [9]. The variation of
the Strouhal St number with the Reynolds number Re, the mean and fluctuating static
pressure distribution, and wake geometry were experimentally tested. There were a few
suggestions for future investigation: the Re effect at zero angle of attack, the separation
point, etc. Wakes behind elliptical cylinders developed secondary shear layer instabilities
further downstream, representing unequal wake frequencies that destroy the wake’s pe-
riodicity. An analytical investigation of wake and streamline patterns for a low Re was
performed [10–12]. Thompson et al. [12] documented the Strouhal number and drag coef-
ficient variations with Reynolds number for the two-dimensional shedding regime with
various aspect ratios of an elliptical cylinder.

When the wind changes suddenly (as in the case of strong wind gusts), large inertia
forces in a structure in the tangential and radial directions are induced. This has a negative
influence on the structure. The study [13] is focused on the overshoot phenomenon. It is
the cause of larger wind forces in comparison with a steady flow (this occurs on a structure
subjected to short-rise time gusts). The unsteady wind force applied to the structure was
rapidly changed from a steady flow. The wind gusts were modeled in a wind tunnel using
the following parameters: target wind velocity was in the range of 2.0–7.0 m/s, initial wind
velocity was from 0.0 to 0.9 m/s, and rise time was between 0.1 and 1.4 s.

The topic of [14] is the wake stability of elliptical cylinders. Varied angles of flow
direction (0◦–30◦) and different dimensions of the cylinder with a Reynolds number of
more than 500 were considered.

Another paper devoted to aerodynamic shape optimization by using CFD simulation
is [15]. The original shape of the cross-section—rectangular—was slightly modified by an
ellipse in both directions. The aim was to reduce the wind-induced loads on the structures
by using double-skin facades. Different wind directions (0–90◦) were considered.
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An elliptical cylinder with a varied cross-sectional aspect ratio (the proportion of minor
axis to major axis) was numerically analyzed by using a 2D CFD simulation in the program
Ansys Fluent [16]. The wind direction was changed in the range of 0–90◦. Three different
flow patterns on the leeward side were observed and described. This information can be
useful for the prediction of the effects of wind on pedestrians passing around buildings
with an elliptic ground plan.

The static and dynamic analysis of tall buildings with varied heights (from 17.5 m to
105 m) is described in [17]. Three different methods for the calculation of static and dynamic
displacements are compared, and the recommendations for civil engineers are specified.

The main purpose of this paper is to show how important it is to consider the wind
load for the static analysis of a structure like this. The authors’ results and conclusions
can help the construction practice and give methodological instructions for evaluating the
wind loads on a cylinder with an elliptic ground plan.

2. Description of the Building

A multipurpose 21-story building located in flat urban terrain in Bratislava (the capital
city of Slovakia) was analyzed. The shape of the building above the ground was an elliptical
cylinder with a height of 67.95 m. Under the ground, the building was extended to a cuboid
with a height of 10.5 m (three stories) (Figure 2a). The utilization of the building was as
follows: all three underground floors (Figure 2c)—parking spots; 1st floor—commercial
spaces; from 2nd to 20th floor—residential function; 21st floor—technical floor. The roof
of the building was ended by a 1 m high roof parapet. The roof was designed without
utilization. The dimensions of the ground plan of a typical floor are depicted in Figure 2d.
The structural height was different according to the utilization of the floor: all underground
floors—3.5 m; 1st floor—3.95 m; from 2nd to 21st floor—3.2 m. This paper was inspired by
the real structure, where reinforced concrete walls were coupled with one big stiffening
core in the middle of the building. We did not want to make a copy of the structural system
used in the case of the real structure; therefore, two small stiffening cores were considered.
The structural system was designed with respect to the limit values of the horizontal
and vertical displacements defined in the standards and according to recommendations
mentioned in [18–20]. It was created step-by-step. Firstly, only reinforced columns and
stiffening walls in the middle of the ground plan were designed. Horizontal displacements
were too large, and other stiffening walls had to be added. The resultant structural system
is shown in Figure 2b. The maximum span between the vertical structural elements was
6 m in both directions. The cross-sectional aspect ratio of the elliptical cylinder was 0.4 (the
ratio of minor axis to major axis), as shown in Figure 2d.

The dimensions of all horizontal and vertical structural elements were determined by
preliminary calculations. The thicknesses of plane elements were as follows: foundation
slab—1800 mm; horizontal slabs—250 mm; all interior stiffening walls—400 mm; outer
underground walls—350 mm; roof parapet—250 mm. Circular reinforced concrete columns
were considered in the whole building, but their diameter was changed with respect to
the height of the building. Underground section: Ø 800 mm under the elliptical cylinder;
others, Ø 600 mm. Upper part: Ø 800 mm up to 2nd floor, Ø 600 mm from 3rd to 12th floor,
Ø 600 mm from 13th to 21st floor. All elliptical slabs were enclosed by girders with the
dimensions of 350 mm × 600 mm. Light external cladding (aluminum frame with triple
insulating glass) with a weight of 100 kg/m2 was applied on the whole building.

All structural elements were made of reinforced concrete (concrete C 30/37, steel
B500B). The 3D model of the structure was created in the commercial program SCIA
ENGINEER and solved using the finite element method (FEM).
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3. The Analysis of the Effects of Wind on the Elliptical Cylinder

When a real structure is designed or advising is given for a real structure, the appro-
priate values of external pressure coefficients, the values of wind velocities at considered
heights, and the prevailing wind directions (from the roses of prevailing wind directions in
a given area) should be used. External pressure coefficients should be taken from standards
or from studies. In our case, external pressure coefficients for this kind of structure were
not mentioned in the standards [20,21]. Therefore, three other methods were used for their
determination. Firstly, a reduced-scale model of the building was tested in a wind tunnel.
Then, these results were compared with the results of the CFD simulation. The last method
was “the simplification of elliptic shape” and the use of the data from the standards [20,21].

3.1. The Reduced-Scale Model and the Wind Tunnel

A reduced-scale model of the stand-alone structure in 1:390 scale was placed in the
rear operating space of a boundary layer wind tunnel (BLWT) where turbulent wind
flow is developed. Detailed information about the universal wind tunnel which belongs
to Slovak University of Technology in Bratislava can be found in [22]. External wind
pressures on the surface of the model were measured using the 16-channel pressure scanner
SCANIVALVE DSA 3217/16Px with a maximum sampling frequency of 500 Hz for all
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measuring points at the same time and with the accuracy of the results equal to ±0.05%.
The turbulence intensity and wind velocity profile were measured using a miniCTA 54T42
hot-wire anemometer (Dantec Dynamics). The development of both mentioned parameters
is depicted in Figure 3.
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Figure 3. The turbulence intensity Iu (%) and mean wind velocity umean (m/s).

The reference wind velocity on the top of the model (measured without the model)
was 13.76 m/s (barometric pressure was 101 140 Pa; air temperature was 19.40 ◦C). The
model had two axes of symmetry. Therefore, the wind direction was applied only on one
quadrant of the cross-section (see Figure 4), with the step of 10◦. More information about
the wind tunnel tests of an elliptical cylinder can be found in [23].
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One of the many problems of testing in a wind tunnel is the meeting of the Reynolds
number. If the calculated Reynolds number of the model is less than the recommended
value for fully turbulent flow, the flow attacking the model is laminar or “transient”. For
curved buildings, studies by various authors [24–26] declared that the minimal Re from
1.4 to 6.5 × 10 × 105 for fully turbulent flow should be larger than 5 × 105 (for an angular
building shape, larger than 5 × 104). “Transient flow” is defined by a critical Reynolds
number. Laminar flow is defined by the Reynolds number for laminar wind flow. All these
Reynolds numbers can be determined by wind tunnel tests or CFD simulations. The Re of
an experiment and CFD was from 3.2 × 10 × 104 to 8.1 × 10 × 104, depending on the wind
direction and thus the characteristic dimension of the model.

The reduced-scale model was made of plexiglass with a thickness of 5 mm. This
material is heavier than the material used in 3D printing. So, the model was stiffer and
also resistant to possible vibrations during the tests. The surface of the model was smooth.
The dimensions were as follows: 64 mm—minor axis; 162 mm—major axis; 175 mm—the
height. In total, 16 measuring taps were placed on the perimeter of the elliptical cylinder in
all measured levels A–D (Figure 4).

In the case of a smooth surface, the Reynolds number was too small. The solution
could be an increase in wind velocity, an increase in characterized length, or a change
in the roughness of the surface. The third possibility was chosen, and the surface of the
model was changed by the application of sandpaper with a roughness height of 0.8 mm.
A comparison of external pressure coefficients is shown in Figure 5. The values of cpe are
lower for the modified model due to flow separation and applied roughness on the surface.
More information about the Reynolds number of the model with the smooth/rough surface
and the critical value of the Reynolds number can be found in [27].
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External pressure coefficients cpe were calculated by using the following expression:

cpe =
PWT

0.5 × ρ × vre f
2 , (1)

where PWT is the external wind pressure on the surface of the model measured in a wind
tunnel (Pa) and vref is the reference wind velocity at the height of the top of the structure
(m/s). The air density ρ (kg/m3) is a function of measured air temperature T in ◦ and
barometric pressure BP in Pa.

ρ =
BP

(288.3 × (T + 273.15))
. (2)
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The comparisons of cpe for all four levels and for three wind directions are presented
in Figures 6–8.
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The calculated cpe values were approximately the same for all levels. Therefore, simpli-
fication by using the “envelope of the data” was adopted, and maximum positive/negative
pressures were considered in the further calculations. The values of cpe are listed in Table 1.

Table 1. The comparison of cpe—mean values vs. “the envelope of the data”.

Measuring Point
(-)

Mean Values “Envelope of the Data”

0◦ 90◦ 20◦ 0◦ 90◦ 20◦

1 0.57 −0.46 −0.11 0.68 −0.49 −0.11
2 −0.23 −0.02 0.46 −0.37 −0.02 0.61
3 −0.37 0.40 0.17 −0.42 0.47 0.20
4 −0.43 0.60 −0.02 −0.48 0.67 −0.02
5 −0.46 0.67 −0.33 −0.55 0.72 −0.36
6 −0.35 0.63 −0.27 −0.39 0.69 −0.29
7 −0.32 0.43 −0.58 −0.37 0.53 −0.70
8 −0.09 −0.01 −0.18 −0.12 −0.02 −0.36
9 −0.02 −0.47 −0.16 −0.08 −0.51 −0.17
10 −0.09 −0.45 −0.19 −0.11 −0.46 −0.19
11 −0.30 −0.13 0.09 −0.35 −0.14 0.10
12 −0.35 −0.44 −0.24 −0.41 −0.48 −0.26
13 −0.40 −0.42 −0.35 −0.55 −0.48 −0.39
14 −0.42 −0.41 −0.49 −0.50 −0.47 −0.57
15 −0.44 −0.13 −0.83 −0.49 −0.14 −0.89
16 −0.32 −0.45 −1.18 −0.37 −0.47 −1.22

The values of cpe were necessary for the estimation of the most unfavorable wind
direction with respect to the shape of the structure. Firstly, the peak velocity pressures
(Figure 9) were calculated for all four levels according to [20,21] by using Equations (3) and (4).
Then, these values were used for the calculation of the external wind pressures using Equa-
tion (5). After that, the resultant forces R (kN) and torsional moments Mr (kNm) were
determined for all considered wind directions. The maximum value of resultant force and
maximum value of torsional moment gave the information on which wind direction is the
most dangerous for the investigated structure.

qp(ze) = [1 + 7 × lv(ze)]× 0.5 × ρ × v2
m(ze), (3)

vm(z) = cr(z)× co(z)× vb, (4)

we = qp(ze)× Cpe. (5)

where we is the external wind pressure (Pa), qp(ze) is the peak velocity pressure at the height
ze (m) in Pa, cpe is the external pressure coefficient (-), lv(ze) is the turbulence intensity
(-), ρ is the air density (kg/m3), and νm(ze) is the mean wind velocity at the height ze
(m/s). The turbulence intensity represents the fluctuation part of wind flow and is a
function of turbulence factor k1, orography factor co, and roughness length z0. cr(z) is the
roughness factor, and vb is the basic wind velocity (m/s) calculated by directional factor cdir
(-), seasonal factor cseason (-), and fundamental value of the basic wind velocity vb,0 (m/s).
These parameters are defined in [20,21].

In this analysis, the terrain category between III and IV (close to IV) according to [21]
was considered (the urban terrain, e.g., Bratislava). In the wind tunnel, it was modeled
by the combination of FASTRADE 20 plastic film with a rectangular wooden barrier (with
a height of 150 mm). This setting was verified by previous measurements of the vertical
velocity profiles.

The resultant forces and maximum torsional moments are listed in Tables 2–5. The
maximum resultant force was calculated for the wind direction of 90◦, where the wind is
applied on the large area of the structure. On the contrary, the wind direction of 0◦ had a
minimal effect. The maximum torsional moments were calculated for the wind direction of
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20◦. The results matched well with the results of previously mentioned studies (Section 1).
An example of the resultant forces and torsional moments is shown in Figure 10.
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10 30.47 −33.43 265 −1018.50
20 59.81 −29.11 275 −1741.24
30 71.47 −22.85 270 −1632.84
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Table 5. Resultant values—level D—62.40 m above the ground.

Wind Direction
(◦)

Resultant Force
(kN)

Force Arm
(m)

Angle of the Force
(◦)

Torsional Moment
(kNm)

0 11.05 −13.25 202 −146.36
20 77.43 −19.64 281 −1520.86
90 171.19 0.52 270 88.96

Buildings 2023, 13, 2732 11 of 27 
 

Table 5. Resultant values—level D—62.40 m above the ground. 

Wind Direction 
(°) 

Resultant Force 
(kN) 

Force Arm  
(m) 

Angle of the Force 
(°) 

Torsional Moment 
(kNm) 

0 11.05 −13.25 202 −146.36 
20 77.43 −19.64 281 −1520.86 
90 171.19 0.52 270 88.96 

 

  
(a) (b) 

Figure 10. Resultant forces Rmax and torsional moments Mmax—level C: (a) wind 90°; (b) 20°. 

3.2. CFD Simulation in the Program ANSYS FLUENT 
The aim of this paper is not to provide comprehensive information about the CFD 

simulation and obtained results. Only basic information is mentioned. A CFD simulation 
was created and solved using the commercial program ANSYS FLUENT. For the solution, 
two well-known Reynolds-averaged Navier–Stokes equation turbulence models were 
used: the realizable k-ε model and the shear-stress transport (SST) k-ω model. Steady sim-
ulations were run. The reference wind velocity on the top of the structure, the vertical 
velocity profile, and the turbulence intensity profile from wind tunnel tests were used. 

The model was created in the scale of 1:390. The size of the computational domain 
was 2.6 × 1.6 × 3 m (W × H × L). Two different types of mesh elements were used—cut-cell 
elements and tetrahedron elements. Simulations were calculated in three dimensions, and 
the ground was simulated with the sand grain roughness. It represented the terrain cate-
gory between III and IV (close to IV) according to the wind standard [21]. Detailed infor-
mation about the CFD simulation, including the descriptions of selected turbulence mod-
els, the considered input parameters, the settings and boundary conditions, the meshing, 
and the obtained results, can be found in [27]. A good coincidence between the values 
from CFD and from wind tunnel tests was achieved (Figure 11). The verified CFD simu-
lation was used for further analyses, e.g., determination of the pressure distribution on 
the roof. A grid sensitivity report was performed, and the results are illustrated in Figure 
12. The mesh and streamlines are presented in Figure 13. 

Figure 10. Resultant forces Rmax and torsional moments Mmax—level C: (a) wind 90◦; (b) 20◦.

3.2. CFD Simulation in the Program ANSYS FLUENT

The aim of this paper is not to provide comprehensive information about the CFD
simulation and obtained results. Only basic information is mentioned. A CFD simulation
was created and solved using the commercial program ANSYS FLUENT. For the solution,
two well-known Reynolds-averaged Navier–Stokes equation turbulence models were used:
the realizable k-εmodel and the shear-stress transport (SST) k-ωmodel. Steady simulations
were run. The reference wind velocity on the top of the structure, the vertical velocity
profile, and the turbulence intensity profile from wind tunnel tests were used.

The model was created in the scale of 1:390. The size of the computational domain was
2.6 × 1.6 × 3 m (W × H × L). Two different types of mesh elements were used—cut-cell
elements and tetrahedron elements. Simulations were calculated in three dimensions, and
the ground was simulated with the sand grain roughness. It represented the terrain category
between III and IV (close to IV) according to the wind standard [21]. Detailed information
about the CFD simulation, including the descriptions of selected turbulence models, the
considered input parameters, the settings and boundary conditions, the meshing, and the
obtained results, can be found in [27]. A good coincidence between the values from CFD
and from wind tunnel tests was achieved (Figure 11). The verified CFD simulation was
used for further analyses, e.g., determination of the pressure distribution on the roof. A
grid sensitivity report was performed, and the results are illustrated in Figure 12. The mesh
and streamlines are presented in Figure 13.

The cpe values calculated for three roof alternatives—a totally flat roof, a roof with
a roof parapet of 500 mm, and a roof with a roof parapet of 2500 mm—are compared in
Figure 14. The last alternative should be used for the design of modern green fully useful
roofs (sport and relaxation zones with vegetation).
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of the model was totally flat (Figure 5). In the case of a real structure, it should be enclosed by a roof
parapet. In static and dynamic analysis, a roof parapet with a height of 1 m was considered. The
model created for the CFD had a roof parapet with a height of 0.5 m. The explanation is as follows:
In the model used for static and dynamic analysis, the layers of the roof are considered only as the
area load. But in the case of CFD analysis, the model is created as “an envelope of the structure”.
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3.3. The Simplification of the Elliptic Shape

The wind tunnel tests provide the best results, but this method is expensive and time-
consuming. On the other hand, the CFD simulation seems to be a faster method, but there
are many problems. It was confirmed by many studies that the selection of the turbulence
model, consideration of the appropriate input parameters, and setting of the simulation are
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crucial. Without the verification by the wind tunnel test, the solution provided by a CFD
simulation is only a “prediction”, and there is a relatively large risk regarding whether the
results are correct. Regarding the above-mentioned facts, we tried to “simplify” the shape
of the ground plan and used the information defined in the standards [20,21].

In the first case, the ellipse was divided into two small semi-circles and one rectangle
(Figures 15 and 16).
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The pressure coefficients on the semi-circles were calculated by using the Reynolds
number Re, defined as follows:

Re =
b × v(ze)

υ
(6)

v(ze) =

√
2 × qp(ze)

ρ
. (7)

where b is the diameter (m), υ is the kinematic viscosity of the air (1.5 × 10−7 m2/s),
v(ze) is the peak wind velocity (m/s) at height ze (m), qp(ze) is the peak wind pressure
(Pa) calculated by using Equation (3), and ρ is the air density (1.25 kg/m3). In our case,
b = 24.965 m, qp(ze) = 1103.26 Pa, v(ze) = 42.01 m/s. The resultant Reynolds number was
6.99 × 107.

The external pressure coefficients were calculated according to [20,21]:

cpe = cp,0 × ψλα. (8)

where cp,0 is the external pressure coefficient without free-end flow depending on Reynolds
number (depicted in Graph 7.27 in [20]). ψλα is the end-effect factor defined as follows:

ψλα = 1 f or 0◦ ≤ α ≤ αmin (9)
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ψλα = ψλ + (1 − ψλ)× cos
(

π

2
∗
(

α − αmin
αA − αmin

))
f or αmin ≤ α ≤ αA (10)

ψλα = ψλ f or αA ≤ α ≤ 180◦ (11)

where αA is the position of the flow separation (◦), αmin is the position of the minimum
pressure (◦), and ψλ is the end-effect factor (determined from Graph 7.36 in [20]). Two
parameters had to be calculated: the solidity ratio ϕ and the slenderness λ. The solidity
ratio was calculated using the following equation:

ϕ = A/Ac (12)

where A is the sum of the projected areas of the members (m2) and Ac is the overall envelope
area (m2).

Effective slenderness λ was determined for the case H ≥ 50 m as the minimum value
from (0.7 × H/b; 70), according to the recommendation in [16]. A comparison of the results
is shown in Figures 17 and 18.
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In the second case, the ellipse was compared with one big circle and one big rectangle
(Figures 19 and 20). A New Reynolds number for the larger diameter of the circle was
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calculated. In this case, b = 31.59 m, qp(ze) = 1103.26 Pa, v(ze) = 42.01 m/s. The resultant
Reynolds number was 8.85 × 107. Also, the effective slenderness λ was recalculated.
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3.4. The Application of the Results to the 3D Model of the Building Used for Static and
Dynamic Analysis

“The simplification of the shape” did not provide results with sufficient accuracy.
Therefore, the values obtained from wind tunnel tests and the verified CFD simulation
were used for the creation of a 3D model in the commercial program SCIA ENGINEER.
The values of cpe in all four levels determined for a particular wind direction were the same
(the differences were very small). So, the external pressure coefficients were considered
with the same values for all levels (Table 1—“Envelope of the data”). Wind load (kN) was
applied on the surface of the structure in a horizontal direction—perpendicularly to the
tangent line at a considered point. It was calculated by using the peak wind pressures at
the considered height multiplied by the load width and load height at a given point. In our
case, the load panels as a special element in the SCIA ENGINEER were not used because of
computing capacity. Wind load was applied as a force load at 16 points on the perimeter of
the ground plan in the places of all horizontal slabs. The following wind directions were
considered for static analysis: 0◦ (it is parallel with the x-axis), 20◦ (it caused the maximum
torsional moment), and 90◦ (it caused the maximum resultant force and is parallel with the
y-axis).

4. Static Analysis

The design of a building can be divided into two analyses. The first is static analysis
where the wind and snow loads have to be considered. The second type is dynamic analysis,
without the wind and snow loads. The dynamic effect of an earthquake event is too fast,
and the building does not have time to respond to the wind load. Snow load is not applied
on the structure, because it is shaken fast. The whole building and all its elements have to
satisfy the conditions defined for both the serviceability limit state (SLS) and the ultimate
limit state (ULS).

4.1. Applied Loads

In the static analysis, the following loads were considered: The self-weight of all
structural elements was calculated by the program automatically. The cladding and the
weight of floor layers (varied values calculated according to the utilization of the floors)
were considered as permanent loads. The characteristic values of the weight of floor layers
were 2.79 kN/m2 (underground floors), 1.66 kN/m2 (commercial spaces, technical floor,
and the flats), 0.69–1.25 kN/m2 (the stairs), and 3.85 kN/m2 (the roof). The characteristic
values of variable loads were considered according to the utilization of the floors [28,29]:
2.5 kN/m2 (underground floors), 3 kN/m2 (commercial spaces), 2 kN/m2 (the flats),
3 kN/m2 (the stairs), 4 kN/m2 (technical floor), 0.75 kN/m2 (the roof). Partition walls were
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considered as variable loads (with a characteristic value equal to 1.2 kN/m2). The wind
load was taken from the previous analysis (see Section 3.4). The snow load was calculated
according to [30,31]. The resultant characteristic value of snow load on the ground was
equal to 0.48 kN/m2 (altitude of the site 138 m, zone III in the snow map of Slovakia, roof
snow load shape coefficient 1.0, thermal coefficient 1.0, flat roof). Advising was given for
the most unfavorable combination of applied loads for the building.

4.2. The Subsoil Stiffness Coefficient

The soil category B according to [19] was considered under the structure (the layers of
mediumly compressed sands, gravels, or mediumly rigid clays with shear wave velocity
in the range of 360–800 m/s). Soil–structure interaction was considered using Winkler’s
two-parameter model [32]. The subsoil stiffness coefficient k (kN/m3) was calculated
as follows:

k = p/s. (13)

where p is the foundation reaction calculated from characteristic values of applied loads
(kN/m2) and s is soil displacement calculated from the soil parameters ascertained by a
hydrogeological survey or from the literature (m).

The subsoil stiffness coefficient was taken with full value in the vertical direction. In
the horizontal direction, only 50% of its value was considered. According to the recommen-
dations defined in [32], the value of the subsoil stiffness coefficient for compressed gravel
in the vertical direction is in the range of 60–100 MN/m3.

The groundwater level was considered at the height of the foundation plate; therefore,
the bulk density of the soil ρ and correction coefficient m were lower (with the influence of
water). Soil parameters were taken from [33] (G2-GP, Id (0.33–0.67), ρ = 10.8 kN/m3, m = 0.2,
Edef = 50,000 kPa, Poisson’s ratio ν = 0.2, conversion coefficient between the values of Edef
and Eoed is β = 0.9). The resultant value of the soil displacement calculated using Equation
(14) was 5.2 mm. It was lower than the limit value defined for multi-story buildings with
wall structural systems made of monolithic reinforced concrete wlim = 60 mm [33]. The
calculated subsoil stiffness coefficient was 40,420 kN/m3.

s = ∑n
i=1

σzi − mi × σri
Eoedi

× hi. (14)

where σzi is the vertical component of increment stress (kN/m2) in the middle of the layer
with the thickness of hi (m), mi is the correction coefficient (-), σri is the vertical component
of the original geostatic stress (kN/m2) in the middle of the layer, Eoedi is the oedometric
modulus of deformation (kPa) calculated as Edef/β (Edef is the deformation modulus (kPa)
and β is the conversion coefficient), and ν is Poisson’s ratio (-).

β = 1 − 2 × υ2

1 − υ
. (15)

The bearing capacity of soil is important for the stability analysis of the foundation.
If the bearing capacity of soil is not sufficient, the following negative effects can occur:
the soil displacement of the structure being too large, the inclination of the structure, the
non-uniform settlement of the structure, and damage to the structure. The following
requirement has to be satisfied:

σde ≤ Rd. (16)

where σde is extreme design contact stress on the bottom side of the foundation plate
(kPa) with the consideration of short-term loads and Rd is the design bearing capacity of
foundation soil (kPa).
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Rd = cdNcdscdcicgc + γ1dNddsddcidgd + γ2
be f f

2
Nbdsbdbibgb. (17)

where cd is the design value of cohesion of soil (kPa). γ1 and γ2 are the bulk density of
soil above/under the foundation (kN/m3). beff is the effective width of the foundation (m).
Ncd, Ndd, and Nbd are design bearing parameters depending on the design value of the
angle of internal friction ϕd (◦). sc, sd, and sb are parameters depending on the shape of the
foundation (-). dc, dd, and db are parameters depending on the depth of the foundation. ic,
id, and ib are parameters expressing the slope of applied loads. The parameters gc, gd, and
gb express the slope of the building site. Effective values of soil parameters were considered.
More information can be found in [33–35]. The resultant value of Rd was 7660 kN/m2, and
σde = 290 kPa.

4.3. The Limit Values

The maximum horizontal displacement umax without the inclination of the footing
bottom is defined as follows:

ucal ≤ umax = H/2000 (18)

where ucal is the calculated horizontal displacement of the top story in the x-direction or
y-direction and H is the height of the horizontal slab of the top story measured from the
footing bottom. In this case, H was 80.25 m and umax was 40 mm.

If this condition is not satisfied, the non-structural elements can be damaged (e.g., cracks
on the internal and external surfaces of the walls, defects in plaster and wall tilling). This
problem can be solved by adding other stiffening walls or by increasing the dimensions
of the existing stiffening walls. Large horizontal displacements (or large vibrations) can
have negative effects on the utilization of the building (e.g., the installation of sensitive
broadcast devices on the top technical floor). Large vibrations of the building can also be
dangerous for the people inside, having negative effects on their mental health [36].

The maximum vertical deflection vmax of a reinforced concrete horizontal slab was
considered as Lmax/250, where Lmax is the maximum span. In our case, Lmax was 6 m, and
vmax = 24 mm.

The model was solved using the finite element method (FEM). The size of 1D elements
was 100 mm, and that of 2D elements was 400 mm. In total, 9040 1D elements and 395,375
2D elements were generated. For the calculation of vertical deflection, the maximum size
of 2D elements was set as 100 mm.

5. Results

In the case of static analysis, the following assessments have to be performed: the as-
sessment of maximum horizontal displacement at the top of the structure, the assessment of
horizontal displacements between each pair of horizontal slabs, and the assessment of ver-
tical deflection with the influence of a staggered arrangement of variable load. The design
of all structural elements is based on the recommendations defined for the serviceability
limit state and utilization limit state according to valid standards.

The calculated horizontal displacements for the combination of applied loads for the
serviceability limit state, the subsoil stiffness coefficient kz equal to 50 MN/m3, and the
wind directions of 0◦, 20◦, and 90◦ are depicted in Figures 23–25.

The vertical deflection of the horizontal slab was calculated with the considera-
tion of a staggered arrangement of variable load. The resultant values are depicted in
Figures 26 and 27. The calculated 3D displacements are shown in Figures 28–30.



Buildings 2023, 13, 2732 20 of 26

Buildings 2023, 13, 2732 20 of 27 
 

The design of all structural elements is based on the recommendations defined for the 
serviceability limit state and utilization limit state according to valid standards. 

The calculated horizontal displacements for the combination of applied loads for the 
serviceability limit state, the subsoil stiffness coefficient kz equal to 50 MN/m3, and the 
wind directions of 0°, 20°, and 90° are depicted in Figures 23–25. 

 

Figure 23. Wind direction 90°—(a) x-direction; (b) y-direction. 

 

Figure 24. Wind direction 0°—(a) x-direction; (b) y-direction. 

Figure 23. Wind direction 90◦—(a) x-direction; (b) y-direction.

Buildings 2023, 13, 2732 20 of 27 
 

The design of all structural elements is based on the recommendations defined for the 
serviceability limit state and utilization limit state according to valid standards. 

The calculated horizontal displacements for the combination of applied loads for the 
serviceability limit state, the subsoil stiffness coefficient kz equal to 50 MN/m3, and the 
wind directions of 0°, 20°, and 90° are depicted in Figures 23–25. 

 

Figure 23. Wind direction 90°—(a) x-direction; (b) y-direction. 

 

Figure 24. Wind direction 0°—(a) x-direction; (b) y-direction. Figure 24. Wind direction 0◦—(a) x-direction; (b) y-direction.



Buildings 2023, 13, 2732 21 of 26Buildings 2023, 13, 2732 21 of 27 
 

 

Figure 25. Wind direction 20°—(a) x-direction; (b) y-direction. 

The vertical deflection of the horizontal slab was calculated with the consideration of 
a staggered arrangement of variable load. The resultant values are depicted in Figures 26 
and 27. The calculated 3D displacements are shown in Figures 28–30. 

 
Figure 26. Vertical deflection calculated for kz = 50,000 kN/m3, wind direction 20°. 

Figure 25. Wind direction 20◦—(a) x-direction; (b) y-direction.

Buildings 2023, 13, 2732 21 of 27 
 

 

Figure 25. Wind direction 20°—(a) x-direction; (b) y-direction. 

The vertical deflection of the horizontal slab was calculated with the consideration of 
a staggered arrangement of variable load. The resultant values are depicted in Figures 26 
and 27. The calculated 3D displacements are shown in Figures 28–30. 

 
Figure 26. Vertical deflection calculated for kz = 50,000 kN/m3, wind direction 20°. Figure 26. Vertical deflection calculated for kz = 50,000 kN/m3, wind direction 20◦.

Buildings 2023, 13, 2732 22 of 27 
 

 

Figure 27. Vertical deflection calculated for kz = 40,421 kN/m3, wind direction 20°. 

 

Figure 28. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 0°. 

Figure 27. Vertical deflection calculated for kz = 40,421 kN/m3, wind direction 20◦.



Buildings 2023, 13, 2732 22 of 26

Buildings 2023, 13, 2732 22 of 27 
 

 

Figure 27. Vertical deflection calculated for kz = 40,421 kN/m3, wind direction 20°. 

 

Figure 28. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 0°. Figure 28. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 0◦.

Buildings 2023, 13, 2732 23 of 27 
 

 

Figure 29. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 20°. 

 

Figure 30. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 90°. 

The influence of the wind direction and varied values of subsoil stiffness coefficients 
on the values of horizontal displacements in both directions is shown in Tables 6 and 7. 

A comparison of horizontal displacements in both directions for the unfavorable 
wind direction of 20° is presented in Tables 8 and 9. 

The axial force in the most loaded column was less than 8000 kN for the wind direc-
tion of 90°. For the other wind directions (0° and 20°), this value was about 100–200 kN 
smaller. 

  

Figure 29. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 20◦.

Buildings 2023, 13, 2732 23 of 27 
 

 

Figure 29. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 20°. 

 

Figure 30. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 90°. 

The influence of the wind direction and varied values of subsoil stiffness coefficients 
on the values of horizontal displacements in both directions is shown in Tables 6 and 7. 

A comparison of horizontal displacements in both directions for the unfavorable 
wind direction of 20° is presented in Tables 8 and 9. 

The axial force in the most loaded column was less than 8000 kN for the wind direc-
tion of 90°. For the other wind directions (0° and 20°), this value was about 100–200 kN 
smaller. 

  

Figure 30. Three-dimensional deformation utot calculated for kz = 40,421 kN/m3, wind direction 90◦.



Buildings 2023, 13, 2732 23 of 26

The influence of the wind direction and varied values of subsoil stiffness coefficients
on the values of horizontal displacements in both directions is shown in Tables 6 and 7.

Table 6. The horizontal displacement in the x-direction (mm).

Subsoil Stiffness Coefficient
(MN/m3)

Wind Direction Limit Value
(mm)0◦ 20◦ 90◦

25 −0.5 0.2 −3.6 −2.6 0.4 6.7
40.421 −0.5 0.2 −3.6 −2.9 0.4 6.1

50 −0.5 0.1 −3.6 −2.9 0.3 5.8 40
100 −0.5 0 −3.6 −3.2 0.3 5.2

Table 7. The horizontal displacement in the y-direction (mm).

Subsoil Stiffness Coefficient
(MN/m3)

Wind Direction Limit Value
(mm)0◦ 20◦ 90◦

25 −0.3 0.5 2.3 12.2 −1.4 11.0
40.421 −0.3 0.4 2.2 11.7 −1.4 10.4

50 −0.4 0.4 2.2 11.5 −1.4 10.1 40
100 −0.4 0.3 2.1 10.8 −1.4 9.3

A comparison of horizontal displacements in both directions for the unfavorable wind
direction of 20◦ is presented in Tables 8 and 9.

Table 8. The horizontal displacement in the x-direction (mm).

Slab No. Structural
Height

The Limit
Value SH/1500

Horizontal
Displacement uup

Horizontal
Displacement udown

Difference
uup − udown

Advisement

(-) (mm) (mm) (mm) (mm) (mm)

21 3200 2.13 2.2 2.1 0.1 satisfied
20 3200 2.13 2.1 2 0.1 satisfied
19 3200 2.13 2 1.9 0.1 satisfied
18 3200 2.13 1.9 1.8 0.1 satisfied
17 3200 2.13 1.8 1.7 0.1 satisfied
16 3200 2.13 1.7 1.6 0.1 satisfied
15 3200 2.13 1.6 1.5 0.1 satisfied
14 3200 2.13 1.5 1.4 0.1 satisfied
13 3200 2.13 1.4 1.3 0.1 satisfied
12 3200 2.13 1.3 1.2 0.1 satisfied
11 3200 2.13 1.2 1.1 0.1 satisfied
10 3200 2.13 1.1 1 0.1 satisfied
9 3200 2.13 1 0.9 0.1 satisfied
8 3200 2.13 0.9 0.8 0.1 satisfied
7 3200 2.13 0.8 0.7 0.1 satisfied
6 3200 2.13 0.7 0.6 0.1 satisfied
5 3200 2.13 0.6 0.5 0.1 satisfied
4 3200 2.13 0.5 0.3 0.2 satisfied
3 3200 2.13 0.4 0.2 0.2 satisfied
2 3200 2.13 0.3 0.1 0.2 satisfied
1 3950 2.63 0.2 0 0.2 satisfied
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Table 9. The horizontal displacement in the y-direction (mm).

Slab No. Structural
Height

The Limit
Value SH/1500

Horizontal
Displacement uup

Horizontal
Displacement udown

Difference
uup − udown

Advisement

(-) (mm) (mm) (mm) (mm) (mm)

21 3200 2.13 11.7 11.3 0.4 satisfied
20 3200 2.13 11.3 10.9 0.4 satisfied
19 3200 2.13 10.9 10.5 0.4 satisfied
18 3200 2.13 10.5 10.1 0.4 satisfied
17 3200 2.13 10.1 9.6 0.5 satisfied
16 3200 2.13 9.6 9.1 0.5 satisfied
15 3200 2.13 9.1 8.6 0.5 satisfied
14 3200 2.13 8.6 8.1 0.5 satisfied
13 3200 2.13 8.1 7.5 0.6 satisfied
12 3200 2.13 7.5 7 0.5 satisfied
11 3200 2.13 7 6.4 0.6 satisfied
10 3200 2.13 6.4 5.8 0.6 satisfied
9 3200 2.13 5.8 5.2 0.6 satisfied
8 3200 2.13 5.2 4.6 0.6 satisfied
7 3200 2.13 4.6 4 0.6 satisfied
6 3200 2.13 4 3.4 0.6 satisfied
5 3200 2.13 3.4 2.8 0.6 satisfied
4 3200 2.13 2.8 2.2 0.6 satisfied
3 3200 2.13 2.2 1.6 0.6 satisfied
2 3200 2.13 1.6 1 0.6 satisfied
1 3950 2.63 1 0 1 satisfied

The axial force in the most loaded column was less than 8000 kN for the wind direction
of 90◦. For the other wind directions (0◦ and 20◦), this value was about 100–200 kN smaller.

6. Discussion

External pressure coefficients were determined for varied wind directions 0◦–90◦

(with the step 10◦) using wind tunnel tests. From the comparison, it was not possible
to determine which wind direction is the most dangerous for the investigated building.
Therefore, resultant wind forces and maximum torsional moments were calculated. It
is evident from Tables 2–4 that the wind direction of 20◦ caused the maximum torsional
moment and the wind direction of 90◦ induced the maximum force (but the torsional
moment was small). Therefore, both wind directions were considered (the wind direction
of 0◦ was also taken but only for comparison) in the static analysis. The shape of the
elliptical cylinder is very sensitive to the applied wind. Positive pressures are only on a
small area of the windward side. The rest of the windward side is loaded by negative
pressures. Therefore, torsional effects can occur, and they can be dangerous for the structure.
The leeward side is completely loaded by negative pressures.

The results from the wind tunnel tests were used for the setting of the CFD simulation,
which was necessary for a detailed analysis of the roof with three roof parapet alternatives
(without roof parapet, with 0.5 m roof parapet, and with 2.5 m roof parapet). In the case of
the wind direction of 90◦, there were only negative pressures in all three alternatives. The
roof parapet with a height of 2.5 m resulted in negative pressures that were half of those
recorded for the alternative without a roof parapet.

In the case of the wind direction of 20◦, the pressure distribution was approximately
the same (with respect to the area), but the external pressure coefficients were larger in
comparison with the wind direction of 0◦ for all three roof alternatives.

The static analysis was focused on the assessment of the horizontal displacements
calculated for varied values of subsoil stiffness coefficients (25, 40, 50, 100 MN/m3), in both
the x- and y-directions. In the x-direction (parallel with the major axis), a significant value
was calculated only for the wind direction of 90◦ (5.2–6.7 mm). In the y-direction (parallel
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with the minor axis), both the wind direction of 20◦ and the wind direction of 90◦ caused
large values of displacements (in the ranges of 10.8–12.2 mm and 9.3–11.0 mm).

From the assessment of maximum vertical deformation, it is evident that the calculated
and limit values are the same. In a real case, the vertical deformation would be less than the
calculated one (because of the procedures of construction). On a real site, a geodesist adjusts
the horizontal line, and the deformation incurred during the construction is reduced.

7. Conclusions

The shape of the investigated building is very simple—a tall elliptical cylinder. How-
ever, the presented results of the wind analysis of the shape of the structure and static
analysis confirmed that the implementation of results obtained from wind tunnel tests or
CFD simulations is not easy. The external pressure coefficients determined for different
wind directions are very important, but they give only local information about the pressure
distribution. The better procedure for the determination of the influence of wind on the
structure is the calculation of resultant forces. We tried to “exclude” the wind tunnel tests
and CFD simulation and to obtain the data by using the information in valid standards.
The simplification of the shape by using a rectangle, a circle, or their combination did not
provide suitable results. Wind tunnel tests are expensive and time-consuming, but they are
the most accurate tool for the determination of the wind pressure distribution on different
shapes of structures, including the case of elliptical cylinders.
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