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1. INTRODUCTION

NONLINEAR DYNAMIC ANALYSIS OF WIND ACTIONS
ON A CABLE-STAYED GLASS FACADE SYSTEM

Oleg S. Goryachevsky, Alexander M. Belostotsky
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: This paper presents the results of a nonlinear dynamic analysis of wind actions on a cable-stayed
glass fagade. The wind impact was determined by a transient eddy-resolving numerical simulation using a
hybrid RANS-LES model SBES. The revealed dynamic response of the fagade system confirms the relevance
of dynamic calculations compared to simplified static approaches.
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HEJIMHEWHBIA TUHAMUWYECKH PACUET
BAHTOBOI'O CBETOIIPO3PAYHOI'O ®ACAIA
HA BETPOBBIE BO3JIENCTBUS

O.C. I'opaueeckuit, A.M. berocmoukuii

HannonanbeHeli necaenoBaTesnbekuil MOCKOBCKHI TOCYIapCTBEHHBINA CTPOUTENBHBIN YHUBEPCUTET,
r. Mocksa, POCCU

AunHOTauusi: B crarbe mnpeacraBieHbl pe3ysbTaThl HETUHEHHOrO0 JUHAMUYECKOTO pacueTa BaHTOBOTO
CBETOIPO3pavHOro (hacaga Ha BETPOBOE BO3JACUCTBHE. BeTpoBoe BO3/ciicTBHE OBLIO OMPECIICHO B PE3yJIbTaTe
YHCJICHHOTO MOJCIMPOBAHUS B HECTAIIMOHAPHON BUXpepa3pellaroleii MOCTAHOBKE MO THOPHIHOW MOJICIU
SBES. BrIsBICHHBIH AHHAMHYCCKUN OTKIMK (hacaJHOW CUCTEMBI MOITBEPKAACT aKTyallbHOCTh TUHAMUYCCKUX
pAacdYeTOB MO CPAaBHEHHIO C YIIPOIICHHBIMHU CTATHYCCKIUMH MOIX0IaMHU.

KirodeBble c10Ba: BHIUNCINTENbHAS THAPOANHAMIKA, BETPOBOE BO3/CHCTBHE, OTKINK HA BETPOBOE BO3/ICHCTBIE,
BaHTOBBII CBETONPO3PAYHBIN (acaa, HeNMHEWHBIN TMHAMIYCCKIN aHaJII3

determining wind loads for

non-typical

The widespread use of complex and costly facade
systems in modern construction challenges
engineers to correctly calculate their robustness,
stiffness and stability. The situation becomes even
more complicated if the fagade structures are
flexible (possessing low eigenfrequencies) and
their mechanical behaviour is significantly non-
linear; for instance, cable-stayed glass facades
(CSGF), Fig. 1.

As a rule, wind loads are the most important for
fagade structures. Physical modelling utilising
wind tunnels (PM) is currently the most
common and well-studied method for

structures. Along with its advantages, PM has a
number of disadvantages, among which are the
reduced scale of the models, limited
consideration of the surrounding buildings and
terrain, measurement of the required parameters
in a small number of points (usually a few
dozen).

In the last 30 years, interest in numerical
modelling of wind loads (NM) has grown
significantly [1,2]. NM has almost unlimited
possibilities to take into account surrounding
buildings, topography, climatic effects and a
number of other factors, allows obtaining results
in millions of points, processing and visualising
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them freely. High computational complexity
and use of simplifying hypotheses that reduce
accuracy have for a long time restrained the
introduction of NM in construction practice
[3,4]. However, the development of
computational techniques, turbulence models,
numerical methods and software currently
allows full use of NM as a tool for determining
wind actions [5,6]. Today, NM is implemented
in foreign [7,8] and Russian regulatory

documents [9,10], and is actively used in many
construction companies.

(b) interior view

Figure 1. Beijing Poly Plaza Hotel, China
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The research on a CSGEF’s stress-strain state
started in the 2000s. Let us highlight the main
ones in chronological order (2009-2023).

In [11], Feng et al. found that glazing elements
increase the fagade stiffness up to 30% and the
damping performance from 0.1% to 3.5-4.5%
compared to an unglazed cable network. In [12]
Feng, based on the nonlinear differential
equation of vibration, analysed the response
spectra to seismic load. It was found that the
influence of nonlinearities decreases when the
natural frequencies of vibration increase. In
[13], Feng experimentally and numerically
(using ANSYS Mechanical) revealed a
significant difference in the glazing’s stress-
strain state when using spiders and clamping
plates.

Amadio and Bedon investigated the potential of
elastic-plastic dampers to reduce the response to
blast effects on the basis of dynamic analysis
[14,15]. It was found that cables are the most
vulnerable to blast effects, and the use of
dampers can reduce the maximum forces in
them while maintaining flexures.

The most extensive study of CSGFs is done in
Yussof's thesis [16]. In his work, an overview of
the application, implementation and types of
CSGFs is presented. A set of experimental and
parametric numerical studies in Simulia
ABAQUS are carried out. Static load, impact
load on the glass and cable removal are
considered.

In [17], Wang experimentally and numerically
investigated the dynamic behaviour of CSGFs.
Several first eigenfrequencies and modes, as
well as damping coefficients, were determined.
It was found that the sealant has almost no
effect on the vibrations and can be disregarded.
The study by Xiang [18] focuses on evaluating
the effect of the building load-bearing system on
the response of a CSGF to seismic loading.

In 2023, numerical studies of wind actions on
CSGFs in a direct dynamic formulation
appeared. In [19], Rizzo used wind pressures
obtained in a wind tunnel, while in [20] Zhou
generated synthetic wind loads using a random
Gaussian process model. Rizzo's study focused
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mainly on modelling, while Zhou's study
focused on finding simplified mathematical
models. Zhou also showed that the behaviour of
a CSGF is reliably described by thin membrane
theory when the cables are dense.

Among the published studies of CSGFs, no
papers were found in which wind loads were
determined on the basis of NM. Thus, the
choice of NM for determining wind loads
determines the scientific novelty of the paper.

2. METHODOLOGY AND OBJECT

2.1 Object and task description

The object is a CSGF of an office building (Fig. 2).
The building is being constructed on the territory of
the new modern town of Rublevo-Arkhangelskoye
in the western part of Moscow (Fig. 3).
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Figure 3. Render of Rublevo-Arkhangelskoye
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The polygonal in plan building is 122 m long,
58 m wide and 34 m tall. The maximum height
of the CSGF is 19.34 m, and the minimum
height is 2.99 m.

In a structural sense, the facade consists of:

e vertical pre-stressed load-bearing steel cables
with a diameter of 30 mm;

e single glazing units with maximum
dimensions of 2880 x 1480(h) mm and a total
glass thickness of 28 mm;

e cable attachment assemblies to glass panes
(spiders);

e cable attachment assemblies to reinforced
concrete and steel structures.

According to SP 20.13330, the construction site
is located in wind zone I (wo = 230 Pa), terrain
type C.

Among the loads, dead weight, internal and
external wind loads were taken into account.
The internal wind pressure was calculated
according to paragraph B.1.9 of SP 20.13330,
and the external wind pressure was calculated
on the basis of PM.

Cable pretension is set from 5 to 20 tf (higher in
areas of maximum flexure).

The stress-strain state received was assessed
according to the following criteria:

e relative flexures of cables (< 1/200 length,
demanded by SP 20.13330);

e relative flexures of insulating glass units
(< 1/250, which is equal to 5.92 mm, demanded
by GOST 24866-2014);

e maximum forces in cables (< Ran = 40.76 tf,
demanded by SP 16.13330).

A computationally economical methodology
was used to determine the wind loads on the
facade:

1. Initially, hazardous wind directions were
determined by steady-state RANS simulations
(SST k- model);

2. For the identified hazardous wind directions,
the refined values of peak wind pressures and
pressure time series for each glazing element
were determined based by transient simulations
(using a hybrid RANS-LES model SBES).
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The dynamic stress-strain state of the facade
system was then analysed, taking into account
cable pretension, damping and geometric
nonlinearity from time-dependent wind pressures.

2.2 CFD model description

NM of the wind actions was carried out in
ANSYS Fluent using the finite volume (FV)
method. The geometrical model of the building
is shown in Fig. 4. Different polyhexagonal
meshes were used for steady-state and transient
simulations (Figs. 5-6).

The modelling was carried out at a geometric
scale of 1:100 (integral loads were scaled during
processing).

Figure 4. Calculation area near the GSCF

Figure 5. Mesh for RANS (10.2m cells)

Figure 6. Mesh for SBES (9.2-9.5m cells)
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Steady-state ~ (RANS)  simulations  were
performed using the SST k-o turbulence model
[21].

Transient simulations were performed using a
hybrid RANS-LES model SBES [22]. The
RANS model SST k-o in the near-wall and
vortex-free zones and the LES model WALE
[23] in the other regions were coupled (mixed).
The hybrid SBES model is based on spatial
mixing of turbulent viscosity:

SBES RANS LES
Vo = foesVe + FopesVe (1)

RAN.
where v“*"

is the turbulent viscosity of RANS
(determined by the Boussinesq

hypothesis);vaS is the subgrid viscosity of

models

LES models; fspes is a special function
providing the transition between LES and
RANS zones (shielding function).

For steady-state simulations, the Coupled
pressure-velocity solver was used. For
transient  simulations, the  segregated
SIMPLEC solver was used.

Spatial numerical discretisation schemes over
space were applied [24]:

e (RANS) Second Order Upwind for the
momentum equation;

e (SBES) Bounded Central Differencing for
the momentum equation (coefficient 0.75);

e Second Order Upwind for the turbulent
transport equations;

e Second Order Upwind for the interpolation
of pressures;

e L[east Squares Method to
gradients in the centroids of FVs.
Time integration for SBES was performed using
Bounded Second Order Implicit scheme. The
time step Az = 0.0002 s (physical 0.02 s).

The following boundary conditions for the
computational domain were applied:

1.The velocity profile at the inlet: U(z), taken
from the building code;

2. Turbulence intensity 1% (total turbulence
is modelled directly by the flow moving
through the surrounding buildings);
3.Backflow pressure at the outlet: p=0 ;

calculate
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4 Free slip wall conditions were set for the
lateral and upper boundaries;
5.No-slip wall conditions were set for the
ground and building surfaces.

2.3 Peak wind load calculation

RANS simulations were performed for 36
wind directions (in 10° increments), and
transient simulations were performed only for
the identified hazardous directions.

Peak wind pressures pe+() from RANS
simulations were estimated using a semi-
empirical model [25]:

P..=0p+0,0,;

2
pP..=Ap—0_,; @)
o, =(21, +1} ) Ap;
3
]U — pair]_c , ( )
3|Ap
where 6+ = 0.5, 0- = 1.5 are calibration

coefficients; & is the turbulent kinetic energy
near the wall, Ap is the mean pressure at the

wall.

The accuracy of the (2-3) model is sufficient
to identify the hazardous wind directions.
Based on (2-3), the peak integral wind loads on
each of the 3 sides of the fagade were calculated:

F:1,+(—) = J.we,+(—)dS =
N

4)
=V, (1+¢) _[ Pes(9S,

where § is the area of the facade side (one of
three); { = 1.31 is wind pressure pulsation
coefficient for terrain type C; vi) =
0.75(0.65) 1is correlation coefficient (both
taken from SP 20.13330).

For RANS simulations, 450 iterations with
stepwise relaxation enhancement were calculated.
Based on the results of transient simulations,
integral values of peak wind loads and peak
pressures on glazing elements were determined,
which were further used in static calculations:

Oleg S. Goryachevsky, Alexander M. Belostotsky

F . = maxjAp(t/.)dS;
, i :

5
F = mjnjAp(zj)dS; ©)

n,

1
Worr =5 j Ap(t,)dS; ©6)

where S is the area of the fagcade side / glazing
element; # is the j-th physical timestep; # is
the k-th timestep at which the maximum of
integral forces (5) is achieved for the facade
side on which the corresponding glazing
element is located.

Formulas (5-6) do not contain pulsation and
pressure correlation coefficients because the
corresponding effects are modelled directly.
The total physical time during transient
simulations was 5.2-5.7 s (~2.7-10* time steps,
real-scale 7.8-8.5 min). During the post-
processing, the first 0.5 s were discarded.

2.4 FEM model description

Stress-strain state calculations of the GSCF were
carried out in the ANSYS Mechanical using the
following finite element types: SHELL181 (for
glazing elements), LINKI180 (for cables),
BEAMI188 (for columns, spiders and door
frames), MASS21 (to simulate the mass of the
non-load-bearing part of spiders and luminaires).
The total dimensionality of the finite element
model (Figs. 7-8) is 57440 nodes / 52925 FEs /
~334000 variables.

Figure 7. FEM model - general view
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coupled nodes

Figure 8. FEM model - cable and glass
connection diagram

Columns and cables are fixed in all degrees of
freedom at the points of attachment to the
load-bearing structures of the building. The
windows are attached using roller supports
(free in the fagade plane) at the upper and
lower facade marks, except for the corner
points of each window, which are attached
using hinged supports.

All calculations were carried out in a
geometrically nonlinear formulation taking
into account cable pretension.

For dynamic calculations, the time step was set
to Az=0.01 s (see Section 3.2).

Numerical Newton-Raphson method was used
for resolving the nonlinearity and Newmark
method was used for time integration.
Damping was accounted for by the Rayleigh
hypothesis with a damping coefficient in
fractions of the critical £ = 0.035 [11].

3. RESULTS AND DISCUSSION

3.1 Peak wind load results

The analysis of peak values of integral loads
(Fig. 9) obtained from the static simulations
revealed 4 hazardous wind directions: 130°,
200°, 230° and 310°. For each of these
directions, a refined transient simulation was
carried out (Table 1).

It should be clarified that the loads given in
Table 1 do not take into account the dynamic
response of the structure.
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Figure 9. Pie chart of Fn [kN] obtained
in the steady simulations

Table 1. Peak wind loads on the facade sides

Wind F, , kN
attack | Simulation If o 3f
angle, °
130 SST 55.1 -25.8 | -99.3
SBES 54.8 -64.5 -105
200 SST -98.1 -67.9 | -81.9
SBES -66.8 -69.8 | -71.0
230 SST -118.0 -58.6 | -80.2
SBES -70.5 -52.3 | -69.0
310 SST -105 -67.4 | -87.4
SBES -75.2 -54.2 | -60.9

Examples of the resulting time series and
spectra are shown in Figs. 10-13.
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Figure 10. Steady-state fluctuations of integral
wind loads on the facade sides, kN (130°)
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Figure 11. Steady-state wind pressure
Sfluctuations for 4 characteristic glazing
elements, Pa (130°)
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Figure 12. Power spectral power density of
integral wind loads on facade sides, kN° /Hz
(130°)
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Figure 13. Pressure power spectral power
density for 4 characteristic glazing elements,
Pa’ /Hz (130°)

Analysis of the peak integral wind loads show
that the wind loads obtained through the
transient simulations may differ significantly
from the RANS approach.

Oleg S. Goryachevsky, Alexander M. Belostotsky

Analysis of time series and spectra of wind
loads shows significant fluctuations of wind
loads in a wide frequency range. This
corresponds to the physical nature of the
phenomenon and can potentially lead to
resonant vibrations of flexible structures.
Examples of velocity and pressure distributions
in a horizontal section at a height of 15 m are
shown in Figs. 14-15. Fig. 16 shows the
pressure distributions over the fagade surface.

(a)
SST:

(b)
SBES:

(d)
SBES:

Vi)

Figure 14. Instantaneous, mean and standard
deviation values of velocity [m/s] in
horizontal section, 130°
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3.2 Modal analysis results

To determine the time step required for transient
calculations, the modes and eigenfrequencies
were initially analysed (Fig. 17).

Starting from 18 Hz, only the highest modes
of individual glazing elements are observed,

and it makes no practical sense to take them

into account. Therefore, the timestep Az = 0.01

s is chosen, which corresponds to ~6 steps for
the smallest considered eigenfrequency (1/18.0

Hz = 0.056 s, 308th form)

(a) f1 =1.053 Hz

(b) fo=1.178 Hz
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o

(c)f; = 1.183 Hz

(d) fro = 3.101 Hz

(d) fi17 = 10.026 Hz

(e) fios = 18.049 Hz

Figure 17. Characteristic frequencies and

modes

3.3 Stress-strain state results

Figs. 18-20 show the maximum values of the
flexures of the glazing elements and cables and
the forces in the cables over time. Figs. 21-23
show corresponding examples of time series.
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Figure 18. Flexures of glazing elements with limit value markings
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Figure 23. Forces in a characteristic
cable, tf (200°)
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Analysis of the results in Figs. 18-23 show that:
1. High-frequency resonance effects are
periodically manifested under wind actions.

2. Presence of significant dynamic effects is
revealed: flexures of glazing elements increased
up to 2 times, flexures of cables to 40%, forces
in cables to 40%.

3. The cable strength and facade stiffness do not
exceed the criterion values even from the
refined dynamic analysis.

3. CONCLUSIONS

The approach to the stress-strain state
calculation of cable-stayed glass facades
presented in this paper can be applied to any
flexible structures.

It is shown that the application of nonlinear
dynamic calculations allows to take into account
the dynamic response to wind actions, which is
the main one for flexible fagade structures.
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Numerical modelling of wind actions using LES
turbulence model is a very costly approach and
is often unavailable. Application of RANS
models together with empirical methods
(formulae 2-3) to determine hazardous wind
directions and selective application of hybrid
RANS-LES methods to determine design wind
loads can reduce modelling time by orders of
magnitude.
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