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INTRODUCTION

In mountainous terrain, such as Zakopane 
and the surrounding Tatra Mountains, winds 
behave differently than in lowland areas. These 
changes are the result of complex terrain, altitude 
differences, and local meteorological phenom-
ena. The foehn wind is one of the most charac-
teristic and powerful meteorological phenomena 
occurring in the Tatra Mountains, especially on 
the Polish side – in Zakopane and surrounding 
towns. Its presence clearly affects the climate, 
the natural environment, and the well-being of 
people. The foehn wind is a local dry, warm, and 
gusty wind blowing from the mountains towards 
the valleys. In [1], the author identified the most 
common types of synoptic situations favouring 
the foehn and compared them with statistics of 
days with its occurrence. The article also dem-
onstrated the seasonality of the phenomenon 
and indicated that the foehn most often occurs 
as a result of the presence of a low pressure over 
Western Europe and a high pressure over Russia. 
[2] did not analyse the foehn phenomenon in as
much detail as [1], but it provided an important

contextual source. Key to the foehn wind are 
the maps showing the frequency of strong winds 
and local air circulation patterns in mountain-
ous regions. The atlas also provides data on the 
impact of terrain on airflow. Temperatures dur-
ing the foehn wind can rise by several, or even a 
dozen, degrees Celsius within a few hours. Hu-
midity drops significantly, and the air becomes 
dry and “rough”. The foehn wind in the Tatra 
Mountains is characterised by strong gusts, of-
ten exceeding 30–40 m/s. In Zakopane, gusts 
of over 140 km/h were recorded in December 
2013. The foehn wind felled hundreds of trees, 
caused power outages, and ripped off dozens of 
roof coverings. Within a few hours, the tempera-
ture rose by 10 °C.

Engineers use wind tunnel tests and CFD 
simulations to thoroughly understand the distri-
bution of wind forces on the surface of domes. 
This allows them to assess how the dome reacts 
to various wind conditions, including hurri-
canes and tornadoes. Sun, Qiu, Wu [3] estimated 
the wind pressure spectrum characteristics for 
twelve models of spherical dome roofs with 
different geometric parameters (rise/span and 
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height/span ratios) based on a series of tests in a 
wind tunnel. They obtained a synthetic spectral 
model of the wind loading. As a result of their 
experiment, they proposed a spectral model of 
wind pressure which can be utilised for the ex-
treme and fatigue design of structural roofs. Ren 
et al. [4] analysed the wind vibration coefficient 
and the most critical part of wind-induced vibra-
tions in a large-span thin dome structure using 
the finite element method for three-dimensional 
time-domain wind vibration analysis. The wind 
load was simulated using the harmonic super-
position method, obtaining a time-varying wind 
velocity curve and a time-varying wind pressure 
curve. The influence of the dome thickness was 
taken into account in the analysis of vibration 
coefficient changes. The results showed that the 
wind coefficient of the large-span dome struc-
ture increased with decreasing thickness, and 
its central part was the most critical region for 
wind-induced vibrations. Tavares in his work 
[5] proposed parametric modelling of the distri-
bution of wind loads on a hemi-spherical dome 
surface. On the basis of a combination of wind 
speed, internal and external pressure coefficients, 
building dimensions, topography, and terrain 
roughness, he determined the magnitude and 
direction of a field of distributed normal forces 
on the surface of the analysed dome. Szmit [6] 
presented the results of a static analysis of se-
lected geodesic domes subjected to their self-
weight and wind load. The calculations were 
performed on geodesic domes based on an octa-
hedron and icosahedron, depending on the den-
sity of the geodesic division. The results showed 
that the maximum vertical displacements of the 
structure vertices due to wind load were in ac-
cordance with applicable standards and approxi-
mately 10% lower than those obtained from ex-
perimental tests. However, the author suggested 
that for structures with large spans, wind tunnel 
tests should be conducted due to the fact that 
the distributions of the external pressure coef-
ficient at different Reynolds numbers can signifi-
cantly deviate from the distribution assumed in 
Eurocode or American standards. Khosrowjerdi 
et al. [7] conducted numerical analyses using 
computational fluid dynamics (CFD) to inves-
tigate changes in the wind pressure coefficient 
Cp at various heights and angles on 15 Iranian 
buildings with domed roofs. On the basis of the 
obtained results, they identified the appropriate 
dome shapes, which significantly influences the 

wind loading magnitude. The presented studies 
provide comprehensive information, but they 
have a fundamental disadvantage. This disad-
vantage is their price. Additionally, using CFD 
software requires specialist knowledge that the 
average designer does not have. An alternative 
in this situation are numerical simulations. This 
is the path chosen by the authors of this article.

This study investigated the dynamic response 
of a steel bar roof in the form of a Schwedler 
dome subjected to strong foehn wind gusts. Such 
wind action is not typically considered in stan-
dard design scenarios; therefore, a purely static 
analysis of wind-loaded structures proves insuf-
ficient. In order to capture the essential effects, 
the study incorporated inertia forces and the full 
dynamic equilibrium equations of motion, solved 
using an unconditionally stable variant of the 
Newmark method. Numerical simulations were 
carried out with the novel proprietary MES3D 
program, which enables detailed analysis of spa-
tial bar structures under complex dynamic loads.

The wind excitation was modelled on the ba-
sis of the Kaimal spectrum, representing turbu-
lent wind as a time-varying process composed 
of harmonic components with superimposed 
random disturbances. To assess the structural 
response, modal analysis was first conducted to 
determine the natural frequencies and vibration 
modes of the dome. This step was essential to 
evaluate the potential for resonance, as resonance 
occurs when the excitation frequencies of wind 
gusts coincide with the natural frequencies of the 
structure. Spectral analyses of simulated wind re-
cords for average wind speeds of 30 m/s, 35 m/s, 
and 40 m/s were performed using the fast Fourier 
transform (FFT). These analyses provided power 
spectra from which dominant wind frequencies 
– those with the highest amplitudes – were ex-
tracted and compared with the natural frequencies 
of the dome to assess resonance risk.

Dynamic response characteristics were then 
determined for each wind case. Time histories of 
displacements and accelerations were evaluated 
at the dome keystone, which represents a critical 
point in terms of global roof dynamics. Addition-
ally, the variation of axial force in the most heav-
ily stressed bar element was examined to assess 
the potential structural vulnerability. The results 
revealed how increasing average wind speed 
not only amplifies structural response but also 
shifts the likelihood of resonance, emphasizing 
the need for careful dynamic assessment under 
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non-standard wind conditions. The investiga-
tion built on the authors’ earlier research [8–11], 
which demonstrated the necessity of including 
nonlinear geometric effects in roof analysis. In 
the present work, while geometric nonlinearity 
was considered to capture large displacements 
and stability effects, the material behaviour re-
mained linear and governed by Hooke’s law. This 
combination allows for realistic modelling of the 
structural behaviour of a roof under intense wind 
excitation without unnecessary complexity.

Overall, the study highlighted the importance 
of dynamic analysis in evaluating the safety and 
serviceability of lightweight, low-elevation bar 
roofs exposed to foehn winds. By combining 
advanced numerical simulations, spectral wind 
modelling, and modal analysis, the paper provides 
insight into resonance phenomena and structural 
response mechanisms that cannot be captured by 
conventional static wind load approaches. The 
findings contribute to improving the reliability of 
dome roof design in the regions where strong and 
gusty foehn winds may occur.

SPECTRAL ANALYSIS OF SIGNALS

In civil engineering, accurate assessment of 
the impact of dynamic interactions – particularly 
wind loads – on structures is crucial to ensuring 
their safety, durability, and comfort of use. One 
tool for analysing such interactions is the spec-
tral analysis of time-based signals of wind force, 
pressure, displacement, and acceleration. 

In wind engineering, modelling the turbulent 
components of wind speed is of particular impor-
tance. Among the models describing the distribu-
tion of turbulent energy as a function of frequency, 
the Kaimal spectrum [12, 13] is a key model – an 
empirical model that forms the basis of field ex-
periments in American units. The Kaimal spec-
trum is recommended by standards [14, 15]. The 
power spectrum of the turbulent wind component, 
according to Kaimal, is the equation:
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where:	Su(f) – power spectrum of the wind com-
ponent, σ – variance of turbulence in the 
component, Lu – turbulence integral scale 

length [m], u0 – average wind speed [m/s], 
f – frequency [Hz].

The spectrum Su(f) indicate how much tur-
bulent energy is present in each frequency band. 
Dynamic analyses use a wind model based on 
a Fourier series, representing the variation of 
wind speed over time as the sum of several sim-
ple sinusoidal waves (harmonic components). 
Each component has its own frequency, ampli-
tude, and initial phase, and is responsible for a 
different “rhythm” of wind changes – one for 
slow fluctuations, the other for fast oscillations. 
A wind waveform that closely approximates the 
actual wind waveform is obtained by summing 
these values. To achieve a random waveform, 
each harmonic is assigned an independent phase 
∅k ~ u(0.2∏).

	

 

𝑆𝑆𝑢𝑢(𝑓𝑓) =
4𝜎𝜎𝑢𝑢2𝐿𝐿𝑢𝑢
𝑢𝑢0

(1 + 6𝑓𝑓𝐿𝐿𝑢𝑢
𝑢𝑢0 )

5
3

 
(1) 
 
 

 
 
 

𝑢𝑢′(t) = ∑𝐴𝐴𝑘𝑘cos⁡(2Π𝑓𝑓𝑘𝑘t + ∅𝑘𝑘)
𝑁𝑁

𝑘𝑘=1
 (2) 

 
u(t) =⁡𝑢𝑢0 + u′(t) (3) 

 
  

[𝐾𝐾𝐿𝐿⁡+⁡𝐾𝐾𝐺𝐺(𝑆𝑆)⁡-⁡ωi
2M] wi = 0 (4) 

 
Mq̈⁡+⁡Cq̇⁡+⁡(𝐾𝐾𝐿𝐿+𝐾𝐾𝐺𝐺(𝑆𝑆))q=⁡P (6) 

 
 
q(0)⁡=⁡q0 and q̇(0)⁡=⁡q̇0 (7) 
 
 

q̇i+1= q̇i + hq̈i + 
1
2

h2qi⃛ + ⋯ 
(8) 
 
 
 

qi+1= qi + hq̇i + 
1
2

h2q̈i +
1
6

h3qi⃛ + ⋯ 
(9) 
 
 
 

 

q̇i+1= q̇i + 
1
2

hq̈i + 
1
2

hq̈i+1 
 

 

(10) 
 

qi+1= qi + hq̇i + (
1
2

-β) h2q̈i +⁡βh2q̈i+1 (11) 

 

q̈i+1 =
1

βℎ2 [qi+1- qi - hq̇i - (
1
2

-β) h2q̈i] 
 

(12) 
 

 
Mq̈i+1+Cq̇i+1+(𝐾𝐾𝐿𝐿+𝐾𝐾𝐺𝐺(𝑆𝑆))qi+1=⁡Pi+1 (13) 

 
q̈0=M-1(P0-Cq̇0-(𝐾𝐾𝐿𝐿+𝐾𝐾𝐺𝐺(𝑆𝑆))q0)⁡ (14) 

  

	 (2)

where:	Ak  – amplitude determined from te Kai-
mal spectrum, 𝐴𝐴𝑘𝑘 = √2𝑆𝑆𝑢𝑢(𝑓𝑓𝑘𝑘)Δ𝑓𝑓 

 
, fk = 

kΔf – subsequent discretization frequen-
cies, ∅k - random phases.

The full time series is the sum of the mean 
value and turbulence:
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Any time signal can be represented in the 
frequency domain using a Fourier transform. 
The authors used the FFT algorithm in their 
work. To determine how the signal energy is dis-
tributed as a function of frequency, power spec-
trum graphs were plotted for each signal. If the 
wind changes slowly, the load acts as a gentle 
“push” on the structure. If the wind changes at 
a frequency close to the natural frequency of 
the structure, resonance, i.e., significant vibra-
tion amplification, can occur. The wind speed 
spectrum allows prediction of the frequencies 
at which the structure will be most vulnerable. 
For the signals analysed in this work, the con-
centration of energy in the low-frequency range 
indicated the dominance of slowly varying com-
ponents. In the work, the power spectra of the 
wind speed signal were calculated using Welch’s 
method [16]. After determining the dominant 
wind load frequencies, the authors conducted a 
modal analysis of the structure.
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MODAL ANALYSIS 

Modal analysis is one of the basic tools used 
in structural dynamics to understand and predict 
how a structure will behave under the influence 
of vibrations. It is a dynamic analysis method that 
allows the identification of basic dynamic charac-
teristics of a structure, such as natural frequencies 
(modal), vibration modes (modal shapes). Natural 
frequencies are the specific frequencies at which a 
structure tends to naturally vibrate when excited. 
Each structure has a range of such frequencies that 
are unique to its geometry, materials, and bound-
ary conditions. Vibration modes are characteristic 
shapes that a structure takes when vibrating at a 
specific natural frequency. These modes show how 
different points of the structure move relative to 
each other. At the beginning of modal analysis, 
a mathematical model of the structure, which is 
based on finite element method (FEM) was created. 

Schwedler dome is modelled as spatial frame. 
The bars are rigidly connected to each other at 
the nodes. Dome is supported in a pinned man-
ner. Schwedler dome presented in the article is 
characterised by a strongly nonlinear static and 
dynamic response. The description of the ana-
lysed load cases together with a detailed static 
and strength analysis of the dome was published 
in the article [9]. Ignoring nonlinear effects leads 
to large computational errors. For this reason, the 
influence of axial forces S is taken into account: 
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where:	KL – linear stiffness matrix, KG(S)  – the 
geometric stiffness matrix, M – the mass 
matrix, ωi – the eigenfrequencies, wi – the 
vector called the eigenvector of the i-th 
mode of vibration. 

On the basis of the calculated natural fre-
quencies and vibration modes, potential dynam-
ic problems such as resonance can be identified. 
Resonance is a process in which the frequency 
of an external excitation approaches the natural 
frequency. This situation can lead to a significant 
increase in vibration amplitudes and possible 
damage to the structure. Modal analysis helps 
designers predict the behaviour of structures un-
der earthquakes, high winds, or other dynamic 
loading. The analysis can be used to assess the 
performance of existing structures by comparing 
current vibration modes and frequencies with the-
oretical or historical values.

Articles [18–19] highlighted the issues re-
lated to monitoring bridge displacements, taking 
into account experimental and numerical studies. 
Furthermore, article [18] presented a preliminary 
proposal for a measurement system for monitor-
ing the condition of existing and operated struc-
tures. The article presented the results of modal 
and numerical analysis. Article [19] considered 
structural health monitoring (SHM) strategies 
aimed at verifying the load-bearing capacity of 
the considered bridge. Measurements of the glob-
al response of the bridge are also included to pre-
pare and validate the FEM model.

DIRECT INTEGRATION METHODS FOR 
EQUATIONS OF MOTION

Direct integration methods are numerical 
techniques employed to solve dynamic problems 
in which second-order differential equations de-
scribe the motion of mechanical systems. Unlike 
modal approaches, which reduce the number of 
degrees of freedom through eigenvalue decom-
position, direct methods compute the system re-
sponse directly in the time domain by advancing 
the solution step by step. Among the most wide-
ly used techniques are the Newmark method, 
Runge-Kutta schemes, and the Wilson-θ method. 

Runge-Kutta methods form a class of sin-
gle-step schemes, available in both explicit and 
implicit formulations [19–20]. They estimate 
the solution increment within a time step using 
weighted averages of the derivative function. The 
classical fourth-order Runge-Kutta (RK4) method 
is particularly popular, as it provides high accura-
cy by performing four derivative evaluations per 
step. These methods are especially effective for 
nonlinear problems, where linear-based approach-
es may fail. However, due to limited stability in 
stiff systems, small time steps are often required, 
which significantly increases computational cost.

The Wilson-θ method [21–22] extends the 
Newmark scheme with the introduction of the 
parameter θ (typically θ ≥ 1.37), which effective-
ly advances the solution beyond the current time 
step by a fraction θ of the step size. This modifi-
cation enhances stability, making the method un-
conditionally stable and efficient in suppressing 
high-frequency numerical oscillations. Neverthe-
less, this stability improvement comes at the ex-
pense of increased computational effort and the 
risk of introducing artificial damping, which may 
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distort the dynamic response if θ is not properly se-
lected. The Newmark method [23–24] constitutes 
a family of time integration algorithms based on 
Taylor series approximations of velocity and dis-
placement, governed by two control parameters. 
Their selection determines the numerical proper-
ties of the scheme, such as accuracy and stability. 
It was developed [25] by Nathan M. Newmark in 
1959 and has since become a standard tool in struc-
tural dynamics, especially in solving the problems 
related to vibration and seismic analysis. New-
mark’s method is widely used in the analysis of 
engineering structures, especially in the analysis of 
the response to dynamic loads such as earthquakes, 
wind loads, and other dynamic excitations. 

The Newmark, Runge-Kutta, and Wilson-θ 
methods exhibit distinct characteristics in terms 
of stability, accuracy, and computational efficien-
cy. Runge–Kutta methods deliver superior accu-
racy for small time steps (particularly in nonlinear 
analyses), while the Wilson-θ method ensures un-
conditional stability with effective suppression of 
spurious high-frequency modes. The authors se-
lected the Newmark method due to its favourable 
balance between computational efficiency and 
numerical stability. By employing this algorithm, 
it was possible to obtain reliable time-domain re-
sponses of the system, while significantly reduc-
ing computational costs compared to higher-order 
or more complex integration schemes. Due to its 
stability and flexibility, Newmark method is of-
ten used in finite element analysis software. Basic 
equation of motion can be written as:
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where:	C is the damping matrix, q is the vector 
of nodal displacements, P is the vector of 
nodal load. The following initial condi-
tions are assumed:
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The essence of the method is to abandon the 
solutions in a continuous set of time variables and 
to limit oneself to the solutions for discrete time 
division. This procedure leads from a system of 
ordinary differential equations to algebraic equa-
tions. The obtained systems of equations form a 
recursive sequence, which allows for determining 
solutions at the next moment, depending on solu-
tions at previous moments (a discrete set of points 
ti on the time axis with the integration step h = ti+1 
- ti). Then, the representation of the solution of the 

equation will be the set of vectors displacements 
and velocities. The velocities and displacements 
expand the function into a Taylor series:
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The formulas (7) and (8) are modified as leav-
ing terms of the second order at most. The remain-
ing terms of the Taylor expansion with arithmetic 
means for velocities and weighted averages for 
displacements: 
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where: parameter β∈<0; 
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From the formula (10), we obtain:
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Newmark’s method is an implicit method. 
The solutions at time i+1 are obtained by satisfy-
ing the collocation conditions at time i+1:
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At the starting moment, the vector 
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calculated by writing the collocation equation for 
time t = 0. 
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RESULTS AND DISCUSSION

Wind signal analysis

In thus work the authors aimed to show the 
signal in various aspects. The amplitude spectrum, 
power spectrum, and RMS spectrum are three re-
lated but distinct ways of describing a signal in the 
frequency domain. Amplitude spectrum represents 
the distribution of signal amplitudes as a function 
of frequency. It directly describes the magnitude 
of individual harmonic components contained in 
the signal. In the case of wind velocity, it indicates 
how strong the velocity fluctuations are at a given 
frequency. The typical unit is m/s.

Power spectrum represents the distribution 
of the signal energy as a function of frequency. 
It is calculated as the squared modulus of the 
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amplitude spectrum, normalised with respect to 
the number of samples and/or bandwidth. The 
power spectrum indicates what fraction of the to-
tal signal energy is associated with particular fre-
quency bands. For wind velocity signals, the units 
are usually m²/s² or (m²/s²)/Hz when expressed as 
power spectral density (PSD).

RMS spectrum (Root Mean Square spec-
trum) is an intermediate form of representation 
derived from the power spectrum. It is obtained 
by calculating the square root of the product of 
the power spectral density and the analysed fre-
quency bandwidth. The RMS spectrum provides 
information on the effective value of the signal 
within individual frequency bands. It is therefore 
a measure of the “actual strength” of the signal in 

a given range, and its unit remains the same as for 
the original signal.

Signals for three average wind speeds: u0 = 
30 m/s (Figure 1a), u0 = 35 m/s (Figure 2a), and 
u0 = 40 m/s (Figure 3a) were generated using the 
Kaimal spectrum. For each case, the RMS spec-
trum for three different variants of the number of 
samples was also included (Figures 1b, 2b, 3b). 
Fast Fourier transform and Welch’s method were 
used to estimate the power density spectrum (Fig-
ures 1c, 2c, 3c) and amplitude (Figures 1d, 2d, 
3d). For the power density and amplitude spectra, 
the horizontal axis shows the frequency in Hz, and 
the vertical axis shows the power spectral density 
(on a linear scale), which shows how the signal 
energy is distributed in the frequency domain.

Figure 1. Results for average wind speed u0 = 30 m/s: (a) wind signal analysis – Kaimal Spectrum, 
(b) RMS, (c) power spectral density, (d) amplitude spectral density
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In the context of turbulence spectra, the term 
“dominant frequency” refers to the frequency at 
which the power spectral density (PSD) reaches 
its maximum. This frequency is associated with 
the highest kinetic energy of wind speed fluctua-
tions. For all the analysed cases, most of the signal 
energy is concentrated at low frequencies, below 
~0.1 Hz, which is typical for wind signals dom-
inated by slow fluctuations. Around 0.2–0.3 Hz, 
the spectrum drops significantly, indicating the ab-
sence of substantial high-frequency components 
(rapid wind speed changes). In each case, the high-
est power occurs at the lowest frequencies, below 
0.01 Hz. The PSD magnitude increases with rising 
wind speed – from approximately 550 m²/s²/Hz at 
u0 = 30 m/s to about 730 m²/s²/Hz at u0 = 40 m/s. 

All three spectra exhibit the characteristic shape 
of the Kaimal spectrum: a steep rise at very low 
frequencies, a distinct peak, and a subsequent de-
cay following the f - 5/3 relationship in the high-fre-
quency range (the so-called “inertial subrange” or 
“isotropic similarity”). A similar trend is observed 
for the power amplitude, indicating that the signal 
primarily contains low-frequency components, 
typical of wind speed fluctuations. The main fac-
tor differentiating the spectra is the nominal wind 
speed. An increase in average wind speed leads to:
	• a higher signal magnitude in the time domain,
	• greater amplitudes of turbulent fluctuations 

(i.e., higher signal variance),
	• increased overall power and spectral ampli-

tude across the entire frequency range. 

Figure 2. Results for average wind speed u0 = 35 m/s: (a) wind signal analysis – Kaimal Spectrum, (b) RMS, (c) 
power spectral density, (d) amplitude spectral density
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The comparison of spectra for the three wind 
speeds clearly illustrates the fundamental prin-
ciples of turbulence modelling using the Kaimal 
spectrum. As the mean wind speed increases, tur-
bulence becomes stronger and more dynamic, and 
the total energy rises. Despite these differences, 
the relative spectral shape remains similar, which 
is a key property of a robust stochastic model. The 
shift of the spectrum indicates that the relative 
distribution of energy across turbulence scales is 
preserved, but “stretches” toward higher frequen-
cies as the wind speed increases – stronger winds 
produce faster and more energetic gusts that car-
ry the most energy. Therefore, spectral analysis 
cannot rely on a fixed dominant frequency. The 
design of wind-exposed structures must account 
for the full range of possible operating wind 
speeds to ensure that resonance does not occur 

under any of these conditions. This phenomenon 
has significant engineering implications. Struc-
tures such as roofs, towers, bridges, and wind 
turbine blades have fixed natural vibration fre-
quencies. As wind speed increases, so does the 
likelihood that the dominant excitation frequen-
cy (derived from the turbulence spectrum) ap-
proaches or coincides with the natural frequency 
of the structure. This may lead to resonance—a 
dynamic amplification of vibrations that dras-
tically increases loading and can cause fatigue 
damage or even structural failure.

Numerical model of the structure

This paper considered a Schwedler dome with 
a diameter of 25 meters and a height of 1 meter, 
mounted on a reinforced concrete ring topped by 16 

Figure 3. Results for average wind speed u0 = 40 m/s. (a) Wind signal analysis – Kaimal Spectrum, 
(b) RMS, (c) power spectral density, (d) amplitude spectral density
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reinforced concrete columns, each 10 meters high. 
The dome consists of 81 nodes and 224 rods (Fig-
ure 4). The dome is modelled using steel tubes with 
a Young’s modulus E = 210 GPa, a yield strength fy 
= 355 MPa, and a Poisson’s ratio v = 0.3. The struc-
ture was modelled as a spatial frame (assuming rig-
id connections at the nodes).Three groups of rods 
were considered for the structural design: meridi-
ans, parallels, and diagonals. The meridians were 
modelled from RO127x8.8 circular steel tubes, the 
parallels from RO273x8.8 circular tubes, and the 
diagonals from RO82.5x6.3. The meridians have a 
uniform length of 2.511 m, while the parallels have 
different lengths of 4.877 m, 3.908 m, 2.934 m, 
1.958 m, and 0.979 m, respectively. The roof cov-
ering is made of steel tubes and glass panels. 

Dynamic response analysis of a dome 
structure under wind loading

The modal analysis performed showed that 
the first mode of natural vibrations is antisym-
metric. The structure tends to lose global stability 
(taking the entire structure into account simulta-
neously). For the discussed Schwedler dome, the 
value of the first five natural frequencies is: 3.45 
Hz, 3.45 Hz, 55.72 Hz, 5.75 Hz, 5.75 Hz, respec-
tively.  The dominant spectral energy of the foehn 
wind is concentrated in very low frequencies (on 
the order of 10⁻³–10⁻¹ Hz), which means that the 
main gust components will not resonate with the 
modal frequencies of the dome (3.45 Hz and 5.72 
Hz). In practice, if the structure contains elements 
with characteristic dimensions on the order of 
several tens of centimetres to a meter, then under 
realistic foehn wind speeds (ranging from several 

to several tens of meters per second), vortex shed-
ding may generate frequencies in the range of 3–6 
Hz, potentially coinciding with the modal fre-
quencies of the dome. This phenomenon, howev-
er, was not analysed in the present work.

In the analysis, the dimensionless damping 
coefficient γ for steel structures was assumed to 
be 0.02. The dimensionless constants κ and µ in 
the Rayleigh model were assumed to obtain a crit-
ical damping of 1%.

The damping matrix C is described as:

	
 

C = μ ⋅ M + κ(KL+KG(S)) (14) 
  

	 (14)

The values ​​of the parameters µ and κ deter-
mined on the basis of the first two significant vi-
bration frequencies are κ = 0.0003, µ = 0.2702.

The wind load was assumed as shown in 
Figures 1–3. Figures 5–7 present the dynamic 
responses of displacement, force, and accelera-
tion at given wind speeds of u0 = 30 m/s, u0 = 35 
m/s, and u0 = 40  m/s. Analysis of the time his-
tories of vertical displacements of the keystone 
demonstrated a clear effect of wind speed on the 
amplitude and nature of the dynamic response 
of the structure. As wind speed increased, the 
displacement amplitude increased nonlinearly 
(from approximately 12 mm for u0 = 30 m/s to 
approximately 21 mm for u0 = 40 m/s), which 
results from the quadratic relationship between 
aerodynamic forces and flow velocity. In each 
case, maximum displacements were reached 
in the initial phase (less than 2–3 seconds) and 
then gradually diminished due to structural and 
aerodynamic damping. For each case, there is a 
rapid amplitude decay in the first seconds (0–5 s), 
suggesting relatively good damping properties of 

Figure 4. Schwedler dome geometry
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the structure. The axial force in the most stressed 
member undergoes cyclic changes from tension 
in the leeward direction to periodic compres-
sion in the windward direction, with the range of 
change increasing with wind speed in a manner 

that is almost quadratic. The force values ​​range 
from approximately 190 kN of compressive force 
to approximately 160 kN of tensile force for a 
wind speed of u0 = 30 m/s, and from approximate-
ly 200 kN of compressive force to approximately 

Figure 5. Dynamic response of the structure – displacement, a) u0 = 30 m/s, b) u0 = 35 m/s, c) u0 = 40 m/s
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170 kN of tensile force for a wind speed of u0 
= 35 m/s. For an average wind speed of u0 = 40 
m/s, the range changes from approximately 210 
kN of compressive force to approximately 270 
kN of tensile force. At the highest speed, it was 

observed that the maximum tensile values ​​ap-
proach the ultimate limits of the load-bearing ca-
pacity, and during compression, the risk of local 
buckling occurs, especially in slender members. 
Furthermore, an increased number of cycles with 

Figure 6. Dynamic response of the structure – Force: a) u0 = 30 m/s, b) u0 = 35 m/s, c) u0 = 40 m/s
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Figure 7. Dynamic response of the structure – Acceleration, (a) u0 = 30 m/s, (b) u0 = 35 m/s, (c) u0 = 40 m/s
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increasing amplitude can generate significant fa-
tigue loads. Acceleration recorded at the keystone 
showed an even stronger dependence on wind 
speed than displacement. The values ​​of maximum 
accelerations for u0 = 30 m/s reach 22 m/s2, for 
u0 = 35 m/s they reach 27 m/s2 and for u0 = 40 
m/s they reach 35 m/s2. Increasing flow velocity 
caused a sudden increase in the maximum accel-
eration values, which is a natural consequence of 
the relationship between acceleration and the sec-
ond derivative of displacement.

Additionally, the effect of the γ coefficient on the 
change in displacement over time was investigated. 
Simulations were performed for γ values ​​ranging 
from 0.01 to 0.025, which corresponds to typical 
values ​​for steel structures (Figure 8). The obtained 
results indicate significant differences in the maxi-
mum displacement values. These values ​​range from 
approximately 12.5 mm for γ = 0.01 to approximate-
ly 9 mm for γ = 0.025. Additionally, differences in 
the quality of the graph are also noticeable, with γ 
= 0.01 being significantly more ‘uneven’ than γ = 
0.025. These values ​​clearly indicate the influence of 
the γ coefficient on the structure damping.

DISCUSSION OF RESULTS AND 
PRACTICAL CONCLUSIONS

A foehn is a gusty, short-lived, typically dry, 
and warm wind. In the Tatra Mountains, it occurs 
seasonally, lasting from a dozen to even several 
dozen days per year, depending on the applied cri-
teria. Under such conditions, a fatigue analysis of 
the structure may be necessary. Detailed analyses 
addressing this issue are planned for later stages 
of the research. Further investigation and a more 
comprehensive analysis are required to develop 
standard design recommendations. However, 
based on the authors’ experience and previous 
studies, several conclusions can already be drawn. 
Dynamic analyses should be considered when 
peak wind gusts exceeding 20 m/s are expected in 
the analysed region. When the average gust speed 
exceeds 30 m/s, a full dynamic structural analysis 
is recommended, including verification of poten-
tial resonance effects. This approach complies with 
EN 1991-1-4, which specifies that if a structure is 
capable of resonating with gust energy, dynamic 
effects must be taken into account. Therefore, if 
the excitation-to-natural frequency ratio indicates 
possible resonance coupling (i.e., the main natural 
frequency of the structure falls within the typical 

gust energy range of 0.1–2 Hz), a modal analysis 
with spectral excitation should be performed.

For roofing systems exposed to strong gusts, 
it is advisable to consider several analysis variants 
depending on the wind conditions. In the cases of 
short-term gusts (> 20 m/s), structural deforma-
tion and vibration should be verified with respect 
to user comfort and the proper functioning of roof 
components – specifically connections, joints, 
and seals (bolts, gaskets, etc.). In such cases, a 
modal analysis that includes an increased gust co-
efficient may be sufficient.

When prolonged gusts are expected (e.g., 
more than 10 days with average gusts above 20 
m/s, or shorter periods with higher speeds), fa-
tigue verification of critical components (nodes, 
joints, thin-walled profiles, etc.) becomes neces-
sary. Since the number of days with strong gusts 
is often uncertain, adopting a conservative esti-
mate (e.g., at least 20 days) is recommended.

A detailed fatigue analysis requires precise 
structural and meteorological data. One possible 
approach involves temporal (spectral) analysis of 
the structure response. For preliminary assess-
ments, the Palmgren–Miner rule can be applied to 
estimate the number of years after which fatigue 
failure risk becomes significant. The number of 
loading cycles can be approximated by compar-
ing the average number of small gust cycles per 
year with the expected number of gusts, depend-
ing on component classification. 

If modal and spectral analyses indicate low 
damping and a significant increase in amplitude 
near frequencies associated with foehn winds, the 
use of damping devices is recommended. Damp-
ing devices are used, among others, in high-rise 
structures and bridges [26, 27]. Regions frequent-
ly affected by strong foehn gusts may also experi-
ence numerous smaller gust cycles of lower power 
but higher intensity; therefore, including dampers 
at the design and construction stages represents a 
prudent, conservative approach.

The results indicate that the dynamic response 
of the dome is highly sensitive to increasing wind 
speeds. The most critical parameters include key-
stone accelerations (relevant to user comfort and 
equipment protection) and axial force ranges in 
key members (relevant to load-bearing capacity and 
fatigue life). The tests did not reveal a single domi-
nant resonance; the observed response suggests the 
interaction of multiple structural modes. At higher 
wind speeds, irregular fluctuations in displace-
ment and acceleration amplitudes were observed, 
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Figure 8. Root mean square spectrum – displacement, (a) γ = 0.01, (b) γ = 0.015, 
(c) γ = 0.02, (d) γ = 0.025
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possibly indicating amplitude modulation (beat-
ing). Maximum deflections and accelerations were 
found to increase approximately quadratically with 
wind speed, which should be considered when ex-
trapolating results to design-level conditions.
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