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ABSTRACT 

This study examines human comfort in tall buildings subjected to non-deterministic wind loads, 

considering different analysis methodologies and design recommendations. Since wind velocity is composed 

of a mean component and a fluctuating component, the mean part was determined in accordance with the 

recommendations of the Brazilian standard NBR 6123 and through numerical simulation based on 

Computational Fluid Dynamics (CFD) analysis, whereas the fluctuating part was defined using the 

Spectral Representation Method (SRM). The case study comprises a 100 m high reinforced concrete 

building, for which numerical analysis was performed using the Finite Element Method (FEM) in the 

ANSYS software. The results indicated that the variation in dynamic responses between the methodologies 

reached 10% for displacements and 5% for accelerations. Maximum displacements and RMS 

accelerations satisfied the adopted limits. However, peak accelerations exceeded the comfort requirements 

for residential buildings. 

Keywords-wind loads; high-rise buildings; human comfort assessment; Computational Fluid Dynamics (CFD)  

I. INTRODUCTION  

The development of high-rise buildings constitutes a 
solution for accommodating high population densities within 
restricted urban spaces. However, these structures exhibit lower 
natural frequencies, rendering them more susceptible to 
excessive vibration under wind loads [1]. This dynamic 
behavior can cause occupant discomfort, highlighting the need 
to investigate the stochastic dynamic response of buildings, 
concerning human comfort levels [1, 2]. 

The wind exhibits inherently unstable characteristics, 
resulting in stochastic load distributions; consequently, 
adopting a deterministic approach to this phenomenon is 
inadequate [3]. According to NBR 6123 [4], wind velocity 
consists of two distinct components. The first component 
represents the mean velocity, which induces exclusively static 
effects on the structure. In contrast, the second component 
corresponds to the fluctuating response, which generates 

oscillations in the same direction as the mean response and 
exhibits a non-deterministic nature. 

Despite widespread application, NBR 6123 employs a 
simplified procedure for determining dynamic pressure 
variation with height, predicated on constant cross-sections and 
uniform mass distribution. Due to its inherent simplification, 
this approach yields purely static loading conditions. The 
present investigation proposes a hybrid framework in which 
NBR 6123 is applied exclusively to compute the mean wind 
component, while the fluctuating component is derived using 
the Spectral Representation Method (SRM). By this procedure, 
stochastic time-series loading data are generated, thereby 
enabling transient dynamic analysis and facilitating response 
evaluation conducted in both time and frequency domains. 
Similarly, the Brazilian standard proposes a single drag 
coefficient based on nomograms for wind load determination 
on structural systems with constant cross-section.  
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Computational Fluid Dynamics (CFD) [5] is often used for 
analyzing the complex geometric configurations by mapping 
wind-induced aerodynamic effects around structural systems 
and determining pressure coefficient distributions across 
building facades [6]. Therefore, CFD analysis is also adopted 
in the definition of the mean wind component, with the 
resulting pressure coefficients applied in the dynamic load 
definition, while the fluctuating component remains determined 
by the SRM. Finally, the results are compared with each other 
and with the prescribed assessment limits. 

This study investigates the non-deterministic dynamic 
structural response and assesses human comfort in a 30-storey 
reinforced concrete building with a total height of 100 m. The 
numerical model was developed using discretization techniques 
based on the Finite Element Method (FEM), implemented in 
the ANSYS Mechanical software (2019) [7]. The comparative 
analysis revealed differences of up to 10% for displacements 
and 5% for accelerations in the dynamic responses, potentially 
compromising the structure's conformity with normative limits. 
Compliance with the specified limits was observed for 
maximum horizontal displacements (���� = 0.059 m) and RMS 
accelerations (������� = 0.032 m/s²), while peak accelerations 
failed to meet the comfort requirements applicable to 
residential buildings (���� = 0.072 m/s²). 

II. BRAZILIAN STANDARD NBR 6123 GUIDELINES 

Following the recommendations of the Brazilian standard 
NBR 6123 [4], the definition of the wind velocity profile 
corresponding to the static component is based on the 
characteristic wind velocity, as expressed in (1). The basic 
wind velocity, �	, measured in m/s, is established according to 
the geographical region of the structure. The factor 
� 
represents a topographic factor predicated on variations in 
terrain relief. The factor 
�, as defined by (2), incorporates the 
effects of terrain roughness, wind velocity variation along the 
structure height, and the building dimensions. Furthermore, the 
probabilistic factor 

  considers a return period and return 
probability, which is 0.54 when assessing human comfort. 
Table I summarizes the parameters utilized in this research 
work: 

����� = �	
�
�

    (1) 


� = ��� � �
�	�

�
    (2) 

TABLE I.  WIND VELOCITY PARAMETERS 

Parameters Description Value 

V0 Basic wind speed 45 m/s 

S1 Topographic factor 1 

S2 b Meteorological parameter 0.71 

Fr Gust factor 0.69 

p Exponent of the potential law 0.23 

z Height above the terrain (in meters) Variable 

S3 probabilistic factor 0.54 

 

In addition to the guidelines for determining the static 
component of wind, NBR 6123 [4] also establishes 
recommendations for defining wind loads, considering the 
dynamic pressure, the building geometry, and the drag 
coefficient. The drag coefficient represents a correlation among 

all points on the building façade exposed to wind action, while 
the reference velocity ����� varies with height. This parameter 
is obtained from abacuses provided in the standard. 

III. NUMERICAL SIMULATION 

The analysis of wind behavior through CFD [5] remains a 
critical aspect of engineering, as most fluid flows exhibit 
turbulence and are characterized by chaotic, irregular, and 
unpredictable patterns [8]. Turbulent flows are inherently 
unstable, three-dimensionally complex, and time-dependent. 
Furthermore, viscosity exhibits non-linear and unpredictable 
characteristics. Therefore, the formulation of methodologies to 
ensure the comprehensive definition and implementation of 
governing viscous equations is essential. 

Numerous turbulence models are documented in the 
literature, necessitating a rigorous selection process for specific 
engineering applications. Considering the ANSYS Fluent 
software environment [5], the standard � − �  model is often 
utilized. This turbulence model provides reliable results and is 
particularly suited for fully developed turbulent flows. 
Additionally, relatively low computational effort is required 
compared to alternative models [9]. The � − �  turbulence 
model belongs to the class of two-equation models, where 
velocity and length scales are determined through the solution 
of two transport equations. The variable �  represents the 
turbulent kinetic energy, while � represents the dissipation rate. 
Extensive application of this model in fluid flow simulations is 
attributed to its robustness, computational efficiency, and 
satisfactory accuracy across a broad spectrum of turbulence-
related flow scenarios. 

Inherent limitations exist despite the standard � − � model's 
widespread utilization. Modifications were introduced to 
enhance overall performance as technical strengths and 
deficiencies were more comprehensively identified. 
Consequently, various refined versions of the model were 
developed, with several available in ANSYS Fluent software 
[5]. An alternative model is the Renormalization Group Theory 
(RNG)-� − � employed as the turbulence model for the CFD 
simulations conducted in this study. This model is derived 
through a rigorous statistical approach known as RNG. 
Although structurally analogous to the Standard � − � model, 
the RNG � − �  model incorporates refinements that improve 
accuracy and reliability across various flow conditions. More 
information is available at the ANSYS Fluent User Guide [5]. 

The analytical definition of the initial conditions for a 
horizontally homogeneous atmospheric boundary layer is 
achieved by solving the turbulence model in conjunction with 
wall-function equations under equilibrium conditions. Richards 
and Hoxey [10] formulated the velocity profile via a 
logarithmic equation, as presented in (3), alongside the 
corresponding turbulence kinetic energy (� ) and dissipation 
rate (�) profiles, represented as: 

����� = �∗
� � �

�!�"
�"

�    (3) 

� = �∗#

$%&
     (4) 
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where the friction velocity �∗ within the atmospheric boundary 
layer is taken as 2.98 m/s. A roughness length �	  of 2 m is 
adopted, corresponding to a densely developed urban 
environment characterized by the presence of high-rise 
structures [11]. The von Karman constant � is specified as 0.4, 
whereas the empirical constant () is defined as 0.085. 

Regarding the solver configuration, pseudo-transient 
analyses were performed utilizing a pressure-velocity coupling 
method with a coupled scheme. The spatial discretization for 
the gradient calculation employed the Green-Gauss node-based 
approach, while second-order schemes were applied to the 
pressure, momentum, turbulent kinetic energy, and turbulent 
dissipation rate equations. Upon defining all necessary 
parameters, the subsequent step consists of inputting the 
velocity profile. Due to its logarithmic formulation, direct 
insertion is not feasible; therefore, implementation is carried 
out through a User Defined Function (UDF). Finally, pressure 
monitors were positioned on the building facades. 

The analysis results include the pressure coefficient values 
obtained at various points on the building facades, based on a 
reference velocity calculated at the highest point of the 
structure. These coefficients are employed in the computation 
of non-deterministic wind loads. 

IV. MATHEMATICAL MODELING OF THE NON-

DETERMINISTIC LOADS 

The proposed methodologies, are associated with the static 
component of the wind. However, the wind exhibits a non-
deterministic dynamic behavior. Consequently, the fluctuating 

component �*��, ,� must also be accounted for in addition to the 

static component �����. This relationship is expressed in (6), 

where �*��, ,� represents the non-deterministic wind velocity: 

���, ,� = ����� - �*��, ,�   (6) 

The non-deterministic component is represented by a finite 
number of harmonic functions, considering the random phase 
angles [12]. According to [14], signals exhibiting these 
characteristics can be determined through the SRM, which 
utilizes the Power Spectral Density (PSD) function of the 
signal to derive the amplitudes and frequencies of each 
harmonic. Equation (7) demonstrates the application of the 
SRM in defining the fluctuating component of the wind, where 

.�/��  denotes the spectral density, ∆/  represents the 
frequency increment, /�  corresponds to the frequency of each 
harmonic 1 , and 2�  signifies the random phase angle defined 
within the interval from 0 to 2π: 

�*��, ,� = ∑ $2
.�/��∆/567�28/�, - 2��9
�:�  (7) 

The amplitude of each harmonic is determined based on the 
spectral density 
.�/�� , with the Kaimal power spectrum 
adopted in this study due to its formulations incorporating 
building height, as presented in (8) and (9). The variable ; 
denotes the dimensionless frequency, while �∗  represents the 
friction velocity, calculated using (10). Additionally, <  is 

defined as the Karman constant, ����� corresponds to the static 

component of the wind velocity, �	  represents the roughness 
length in m, and � is the height in m: 

=>�=,?�
�∗²

� �		A
��!B	A�C/'    (8) 

;�/, E� � =?
FG�?�    (9) 

�∗ � HFG�?�
�I� JJ"�

     (10) 

Considering both the static and fluctuating components of 
wind velocity, the non-deterministic dynamic loading can be 
defined. The parameter K� is the tributary area in m², while L is 
the air density (L = 1.225 kg/m³), and ����, ,� represents the 
non-deterministic velocity. The non-deterministic dynamic 
loads can be calculated as:  

���, ,� � �
� L����, ,�

�K�(�   (11) 

V. STRUCTURAL AND FINITE ELEMENT MODEL 

The investigated structural model consists of a 30-storey 
reinforced concrete building with a total height of 100 m. The 
floor plan of the building is presented in Figure 1. The structure 
is composed of columns, beams, and slabs. The concrete has a 
compressive strength (/MN ) of 25 MPa, a secant modulus of 
elasticity (OM�) of 24 GPa, a Poisson's ratio (�) of 0.2, and a 
density (�) of 2500 kg/m³. 

 

 

Fig. 1.  Floor plan of the analyzed building. 

The structural system was modeled using the ANSYS 
software [7], based on FEM. The modeling of columns and 
beams was performed using BEAM44 elements, which 
incorporate the effects of bending and torsion. The slabs were 
represented by SHELL63 elements. The former were 
subdivided into square elements with a side length of 25 cm, 
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while the columns and beams were segmented linearly into 
elements of 50 cm and 25 cm, respectively. Translational 
displacements were constrained at the column bases, and the 
structural elements were assumed to be rigidly connected. 

The numerical model was subjected to a series of 
convergence tests to determine an adequate level of refinement, 
ensuring an accurate representation of the dynamic behavior of 
the structure. Considering the mechanical properties of the 
reinforced concrete, the model was considered isotropic and 
linear-elastic. Figure 2 illustrates the finite element 
representations of the analyzed building. 

 

 

Fig. 2.  Finite element model of the analyzed building. 

VI. MODAL ANALYSIS: EIGENVALUES AND 

EIGENVECTORS 

Free vibration analyses were performed to obtain the 
natural frequencies (eigenvalues) and vibration modes 
(eigenvectors), using the ANSYS software [7]. Figure 3 
presents the first four natural frequencies and vibration modes 
of the analyzed model, illustrating the susceptibility of the 
structure to vibrations and highlighting the maximum and 
minimum modal amplitudes. 

 

    
(a) (b) (c) (d) 

Fig. 3.  Natural frequencies and vibration modes: (a) /	�  = 0.277 Hz 

bending around the X-axis, (b) /	� = 0.278 Hz bending around the Z-axis, (c) 

/	
 = 0.372 Hz torsion around the Y-axis, and (d) /	P = 0.882 Hz bending 

around the Z-axis. 

The results indicate a predominant vibration mode 
associated with the bending effect. As the building exhibits the 
same inertia in both principal directions, the first and second 
natural frequencies present similar values (/01 = 0.277 Hz and 

/02  = 0.278 Hz). Furthermore, buildings with a natural 

frequency below 1 Hz are susceptible to excessive vibrations 
[4]. This condition indicates that the modal amplitudes are 
relevant due to the high flexibility of the structural model. 

VII. TRANSIENT ANALYSIS: NBR 6123 AND CFD 

Based on the above methodologies, the maximum 
horizontal displacements and accelerations of the structure 
were determined. The primary results, obtained in the time 
domain, were subsequently processed using the Fast Fourier 
Transform (FFT) to derive the corresponding frequency-
domain, thereby enabling the identification of energy transfer 
peaks. This analytical approach enables the assessment of 
human comfort levels and allows for a comparison between the 
adopted methodologies under different loading configurations, 
including wind incidence in both the X- and Z-directions. 

Initially, the non-deterministic wind loads were obtained in 
accordance with the recommendations of the NBR 6123 [4] 
and the SRM. As a result, 60 load series were generated, 
comprising 30 series associated with wind acting in the X-
direction and 30 corresponding to wind acting in the Z-
direction. Subsequently, transient analyses were conducted for 
each series using the ANSYS software [7]. The parameters 
utilized in the analysis and the drag coefficients are presented 
in Table II [4], while Figure 4 shows the result of one of the 
series in both the time and frequency domains [4]. 

TABLE II.  ANALYSIS PARAMETERS IN ACCORDANCE 
WITH NBR 6123 [4] 

Parameters Value 

Initial frequency 0.00167 Hz 

Final frequency 5 Hz 

Frequency increase 0.00167 Hz 

Initial time 0s 

Final time 600s 

Time increment 0.1s 

Drag coefficients 1.39 

 

 

Fig. 4.  Acceleration in the time and frequency domains based on NBR 

6123 [4]. 

The dynamic responses were analyzed using statistical 
procedures based on the mean and standard deviation of the 
collected data, ensuring a 95% confidence level of the 
characteristic response [13]. Accordingly, the characteristic 
peak displacement, peak acceleration, and RMS acceleration 
were determined. Table III summarizes the computed results 
[4]. The second analysis method adopted was a simulation 
based on CFD analysis. Following the procedure described in 
Section III, the computational domain was defined around the 
building model to replicate wind tunnel flow conditions [14], 
and the dimensions were determined in accordance with the 
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criteria proposed in [15]. Therefore, the domain presents a 
width of 410 m, a depth of 650 m, and a height of 415 m. The 
building was positioned 150 m from the inlet face and 195 m 
from the lateral boundaries to ensure appropriate flow 
development. 

TABLE III.  BUILDING DYNAMIC RESPONSE IN 
ACCORDANCE WITH NBR 6123 [4] 

Parameters 

X direction Z direction 

Wind in 

Z 

Wind in 

X 

Wind in 

Z 

Wind in 

X 

Peak displacement (m) 0.000 0.041 0.029 0.011 

Peak acceleration (m/s²) 0.000 0.080 0.080 0.001 

RMS acceleration (m/s²) 0.000 0.021 0.021 0.000 

 
Hexahedral (hex-dominant) elements with different mesh 

sizes were used for model discretization. Finer elements (1.0 × 
1.665 m) were applied on the building faces, while larger 
elements were used toward the domain boundaries, with a 
maximum size of 6 m and a growth rate of 1.05 to ensure a 
smooth transition. Element sizes were defined considering the 
location of pressure monitors on the building facades, aligning 
them with mesh nodes to allow wind pressure evaluation. 
Following a mesh independence study, which showed a 0.60% 
difference in wind gust compared to the analytical calculation, 
the final mesh consisted of 887,472 elements. 

During the analyses, the residual convergence threshold and 
the time-step adopted in the pseudo-transient solver were 
defined as 10⁻³ and from 0.5 to 3, respectively. Moreover, the 
windward and leeward pressures were monitored in order to 
verify the convergence of the results, which was achieved after 
1,715 iterations, yielding a windward pressure of 392.22 Pa and 
a leeward pressure of −222.69 Pa. The results consist of the 
pressure coefficient values obtained at each pressure monitor 
on the building facades, as well as contour plots illustrating the 
pressure distribution and the wind flow behavior around the 
structure. Figures 5 and 6 display the contour plots considering 
the wind action in the Z-direction. 

 

     
(a) (b) (c) (d) (e) 

Fig. 5.  CFD analysis results with pressure contour plots in Z-direction: (a) 

pressure (Pa), (b) windward, (c) leeward, (d) left facade, (e) right facade. 

Considering the pressure coefficient values obtained 
through the pressure monitors and using the SRM, 60 dynamic 
loading time series were generated. Among these series, 30 
correspond to wind action in the X-direction, whereas the 
remaining 30 are associated with the Z-direction. Transient 
analyses were performed in ANSYS software [7], in which the 
number and location of the pressure monitors define the points 
of the load vectors applied for each series. Figure 6 depicts the 
results of a time-domain and frequency-domain series, while 
Table IV presents, after statistical treatment, the characteristic 
values of the peak displacement, the peak acceleration, and the 
RMS acceleration. 

 

 

 

 

 

 

(a) (b)  

Fig. 6.  CFD analysis results with wind velocity contour plots in Z-

direction: (a) wind velocity (m/s), (b) wind direction: left to right. 

 

Fig. 7.  CFD analysis results: acceleration in the time and frequency 

domains. 

TABLE IV.  BUILDING DYNAMIC RESPONSE 

Parameters 

X direction Z direction 

Wind in 

Z 

Wind in 

X 

Wind in 

Z 

Wind in 

X 

Peak displacement (m) 0.000 0.038 0.026 0.011 

Peak acceleration (m/s²) 0.000 0.079 0.083 0.000 

RMS acceleration (m/s²) 0.000 0.021 0.022 0.000 

 
Based on the results, the assessment of human comfort can 

be performed. Concerning the allowable displacements in the 
serviceability limit state, the Brazilian standard NBR 6118 [16] 
specifies that the maximum displacement at the top of the 
structure should not exceed the limit of H/1700. Addressing 
accelerations, perception limits have been established based on 
global population sensitivity. These criteria define limits that 
may be exceeded within a specific return period. In Brazil, 
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NBR 6123 [4] proposes that the return period is one year, 
following the recommendations of the ISO 10137 [17], where 
the limit acceleration values are calculated as given in (12), 
where the �M  value of 4.08 is applicable for residential 
buildings and 6.12 for office buildings, with / representing the 
fundamental frequency. Nevertheless, regarding RMS 
acceleration, ISO 6897 [18] presents curve limits considering a 
return period of at least 5 years, which can be adjusted for a  
1-year return period. 

���� � 0.01�M/T	.PPB    (12) 

A comparison between the structural response and the 
adopted limits is provided in Tables V-VII, where both 
methods provide similar results. Regarding the maximum 
displacements, the CFD method [5] presents lower values than 

those obtained using the NBR 6123 [4], with a �� of 7.32% 

in the X-direction and a ��  of 10.34% in Z-direction. 
Considering the acceleration results, both peak and RMS 
values obtained from the CFD simulation [5] are close to those 
provided by NBR 6123 [4], with slight variations (Peak: ��% 

= 1.25% to +3.75%; RMS: ��% = 0.47% to +4.76%). 

TABLE V.  PEAK DISPLACEMENT ASSESSMENT 

Method 
Peak displacement (m) NBR 6118 limit 

(VWXY = 0.059 m) X Z 

NBR 6123 0.041 (RV) 0.029 (RV) Acceptable 

CFD 0.038 (-7.32%) 0.026 (-10.34%) Acceptable 

TABLE VI.  PEAK ACCELERATION ASSESSMENT 

Method 

Peak acceleration (m/s²) NBR 6123 (alim) 

X Z 
Residential 

(0.072 m/s²) 

Office 

(0.108 m/s²) 

NBR 6123 
0.080 

(RV) 
0.080 (RV) 

Not 

acceptable 
Acceptable 

CFD 
0.079 (-

1.25%) 

0.083 

(+3.75%) 

Not 

acceptable 
Acceptable 

TABLE VII.  RMS ACCELERATION ASSESSMENT 

Method 

RMS acceleration (m/s²) ISO 6897 Limit  

(aRMSlim = 0.032 

m/s²) 
X Z 

NBR 6123 0.021 (RV) 0.021 (RV) Acceptable 

CFD 0.021(-0.47%) 0.022 (+4.76%) Acceptable 

 
Regarding the displacement limits established by the 

standard NBR 6118 [20] (���� = 0.059 m), the values remain 
within the specified limit. Considering peak acceleration (� = 
0.08 m/s² in X-direction and � = 0.08 m/s² in Z-direction), the 
results obtained from both methods surpassed the limit for 
residential buildings (���� = 0.072 m/s²); however, the limit for 
office buildings was acceptable (����  = 0.108 m/s²). Finally, 
the RMS accelerations were below the limits established by the 
standard ISO 6897 [22] (�Z[>��� = 0.032 m/s²). 

VIII. CONCLUSION 

The current study examined the structural response of a tall 
building under wind action, based on a multi-approach 
analytical framework. The methodologies applied were the 
recommendations of the Brazilian standard NBR 6123 and 
numerical simulations using Computational Fluid Dynamics 

(CFD). Based on the analysis, the following conclusions are 
drawn for the reinforced concrete building under investigation. 

 Considering the NBR 6123 method as the reference 
criterion, the CFD simulations exhibited variations of 
approximately 10% for displacements and 5% for 
acceleration values. These percentage differences become 
meaningful when the building's dynamic structural 
responses are near the normative thresholds. 

 Considering the results in the time and frequency domains, 
it is observed that only responses in the along-wind 
direction exhibited significant values. The energy transfer 
peak was associated with the bending vibration mode (/₀₁ 
= 0.28 Hz). 

 Regarding the CFD simulation, the assessment of the 
contour plots indicates an increase in wind-induced 
pressure as a function of height variation. Furthermore, the 
formation of a low-pressure region on the leeward facade is 
also observed. 

 The structural responses obtained in accordance with the 
NBR 6123 were satisfactory when compared with the CFD-
based methodology. Therefore, both methods are suitable 
for assessing human comfort, provided that wind action is 
considered as a dynamic, non-deterministic load. 
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