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Abstract. Subject of the research: Today, the design of flexible, extended in length and height structures of transport,
industry, communication is one of the important directions of construction development. Such structures include
continuous extended metal constructions such as chimneys, poles, billboards, monuments, bridges, pipelines. Besides
ensuring the limit states for strength and deformability, there is another important condition for the durable operation
of metal structures which is the absence of aerodynamic instability phenomena (mainly wind resonance) during the
whole service life. Objectives: Review of the background, analysis of accidents that have occurred, proposals to avoid
such situations at the design stage and in the occurrence of emergency conditions at existing facilities. Materials and
methods: Review and analysis of existing data and proposals for further improvement of calculation and design
methods. Results: The paper analyzes the mechanisms of the main types of aerodynamic instability (wind resonance,
flutter, galloping, oscillations in the airfoil) on different types of structures, presents particular cases of the history of
famous unique constructions and the authors' calculation practice, describes the ways to avoid this type of phenomena
in the design of new buildings or in emergency situations on existing structures. Conclusions: The phenomena
described in the article are applicable to an extremely narrow area of construction and are often ignored in calculation
and design. This article is intended to draw special attention to these phenomena not only for designers, but also for
research engineers in order to create new mechanisms for their analysis.

Keywords: high-rise metal structures, wind resonance, galloping, flutter, wind loads, vortex excitation,
aerodynamic wake, towers, masts, ice load, chimneys, unique structures

O PE3BOHAHCHOM BUXPEBOM BO3bYJKAEHUHW BbICOTHbIX
COOPY/XEHUU

A.U. Kapaxko3zoea, B.JI. Monuopyc

HanmonanbeHeiii nccnenoBarenbckuii MOCKOBCKHIT rOCy1apCTBEHHBIN CTPOUTENBHBIN YHUBEpCHUTET, I'. Mocksa, POCCUS

Annoranus: [Ipeqver ncenenosanmst: [IpoekTnpoBanie THOKIX, TPOTSDKEHHBIX B JUTHHY M BBICOTY COOPYKSHHH, I
HY>KJ] TPAaHCIIOPTA, IIPOMBIIUIEHHOCTH, CBS3U SIBILIETCS OJHUM M3 BAXKHBIX HAIIPABICHUII Pa3BUTUSL CTPOUTENILCTBA HA
CcerofHAIHUM AeHb. K TakuM COOpYKEHMAM OTHOCSTCA CIUIOLIHOCTEHYAThIC IIPOTSHKCHHBIE METAJLIMYECKUE
KOHCTPYKLIMM — JBIMOBBIC TPYOBI, CTOJOBI, PEKJIaMHBIC IIUTBI, MOHYMEHTBI, MOCTBI, TpyOompoBozbl. Ilomumo
o0ecrieueHrsI TIPEAEIbHBIX COCTOSIHMM IO TIPOYHOCTH M J1e()OPMATHUBHOCTH, JUIS JIOJITOBEYHOI OSKCIUTyaTalllu
METAUIMYECKUX ~ KOHCTPYKLMM CyLIECTBYEeT €IIe OJHO BAXKHOE YCIOBUE - HEBO3HMKHOBEHME SIBJICHMI
a9POIHAMUYECKON HEYCTOHYIMBOCTH (IJIaBHBIM 00pa3oM, BETPOBOTO PE30HAHCA) HA MPOTSHKEHUH BCETO CPOKA CITyKOBL
Hemu: O030p HCTOpHM BOTMPOCA, AHATU3 MMEBIIMX MECTO ABAPUMHBIX CHUTyalUH, MPEMIOKEHHS 0 W30eKaHHIO
MOJOOHBIX CHUTYallMii Ha 3Tare MPOSKTHPOBAHWS W IPU BO3HUKHOBEHNMM aBApPUHHBIX COCTOSHHI Ha CYIIECTBYIOIINX
oObekTax. Martepuansl u Metonpl: O030p M aHANW3 CYIIECTBYIOIIMX JAHHBIX W TIPEIJIOKEHUS IO JalbHEHIIeMy
COBEpILIEHCTBOBAHUIO METOUK pacyera M IPOEKTUpoBaHMA. Pesynbprarel: B cTaThe mpoaHanu3upoBaHbl MEXaHU3MBbL
BO3HUKHOBEHHSI OCHOBHBIX BUJIOB 9O IMHAMUYECKOI HeyCTOMUHBOCTH (BETPOBOI pe3oHaHC, (hiaTTep, raJIonupoBaHUE,
Kos1e0aHus B adPOAMHAMUYECKOM CIIE/ie) Ha Pa3sHbIX BUAAX KOHCTPYKLMH, MPUBEIEHBI YaCTHBIE CIyYad U3 HCTOPUU
CTPOUTENBCTBA M3BECTHBIX YHHUKAIBHBIX COOPY)KCHUI M PACUETHON TPaKTUKU aBTOPOB, OMHCAHBI CIIOCOOB! M30eKaHMs
JIAHHOT'O TUIIA SIBJIEHUI IPY IIPOSKTUPOBAHUU HOBBIX COOPYXKEHUM WM IPU BOZHUKHOBEHUH aBAPUMHBIX CUTYallUil Ha
CYILIECTBYIOIINX KOHCTPYKIWSIX. BBIBOMBI: SIBEHMsI, ONMCaHHBIE B CTaThe, MPUMEHUMBI K KpaifHe y3KOW 00IacTi
CTPOUTENILHOTO IIPOM3BOACTBA U YACTO UTHOPUPYIOTCS IPU pacyeTe M NPOeKTHpoBaHUW. [laHHas CTaThs IpU3BaHA
00paTnTh Ha 3TH SIBJICHHS 0cO00€ BHHMAHHE HE TOJBKO IPOCKTHUPOBIIMKOB, HO M WH)KCHEPOB-HCCIICAOBATEICH ISt
CO3/JaHUs] HOBBIX MEXAHU3MOB HX aHAJIN3a.

KnioueBbie c10Ba: BEICOTHBIE METAITMYECKIE COOPYKEHISI, BETPOBOI PE30HAHC, TAJTONNPOBaHHUE, GaTTep,

BETPOBLIC HArpy3Kn, BUXPEBOEC B036y)KHeHI/Ie, aBpO,HI/IHaMI/I‘-IeCKI/Iﬁ ciaen, 6aHlHI/I, MavThl, TOJIOJIEAHAA HAarpys3Ka,
JbIMOBBIC TpY6bI, YHHKAJIbHBIC COOPYKCHUA
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On Resonant Vortex Excitation of High-Rise Buildings

INTRODUCTION

High-rise structures due to their design features
(Iength in height and small size in the plan) are
most susceptible to wind loads, which increase
in proportion to the distance from the ground.
Bridge structures and pipelines extended in
length, which are also flexible structures with
low structural damping, should not be
neglected. Seismic loads can also have a
significant impact if the structure is located in
an earthquake-prone area [1], however, in this
work we focus mainly on the wind effects. In
addition to ensuring the limit states for strength
and deformability, there is another important
condition for the durable operation of metal
structures that 1s the non-occurrence of
aerodynamic instability phenomena (mainly
wind resonance) throughout the service life. In
the article the mechanisms of the appearance of
the main kinds of aerodynamic instability (wind
resonance, flutter, galloping, and oscillations in
the aerodynamic trace) are analyzed. The
special cases of the well-known unique
constructions construction history and the
authors' calculation practice are adduced and the
ways to avoid this type of phenomena at the
designing of new structures or occurrence of

emergency  situations at the  existing
constructions are described.
LITERATURE REVIEW
High solid-wall steel structures became

widespread in the middle of the last century. To
analyze their performance and refine the
calculation methods, experimental data of
blowing down structural models in wind tunnels
were used [2, 3]. The main place for testing in
those years was the TsAGI wind tunnel. Only in
the beginning of this century wind tunnels began
to appear in scientific and educational institutes
(in particular, in Scientific and Research Institute
of Moscow State University of Civil
Engineering). Parallel to the development of
experimental studies, mathematical modeling has
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been actively developed: modern program
complexes (Ansys, Nastran) allow modeling any
building objects in their interaction with the wind
flow [4, 5, 6]. Simulation (experimental,
numerical) is an integral part of design of unique,
technically complex objects. An important role is
still given to numerical simulation methods,
experiments on existing structures as it allows
corrections and clarifications to regulatory
documents, according to which typical objects
are designed [7-11].

MATERIALS AND METHODS

It is known that the wind load has a static
(average) and dynamic (pulsation) component.
And, if the average component is fully enough
described in the regulatory documents (SP?), the
dynamic component, although considered in the
standards (SP'), is still a subject of research and
debate. In terms of mechanics, the wind load is
represented as a system of forces that cause
dynamic oscillations. Classical mechanics gives
a strict and clear, widely known solution of this
problem [12], as well as the definition of
"resonance" as the coincidence of natural
frequency of vibrations of the structure and the
frequency of oscillations of the driving load (in
our case wind load). The materials, of which the
structures are made, have different degrees of
susceptibility to the phenomenon of resonance,
which is described by the logarithmic damping
decrement 6 [13] (as the logarithm of the ratio
of two neighboring amplitudes of vibrations y:):

S=In2r =nT,
yn+l

(1)

where » is the damping coefficient, 77 is the
damped period.

The value of the logarithmic decrement is used in
paragraph 11.1.10 (SP') to calculate the dynamic
amplification factor for the pulsation component
of wind load and is adopted as in the Table 1.

1 SP 20.13330.2018 Loads and Actions
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Table 1. Logarithmic decrement for different

materials
Material decrement of
damping
Reinforced concrete and 0.3
masonry structures,
including those with a
steel frame
Glass, steel and reinforced 0.22
concrete structures
Steel structures, lined 0.15
chimneys

As can be seen from Table 1, the steel structures
have the smallest logarithmic decrement. This
means that, being taken out of equilibrium state,
they can perform long-term oscillations, the
decay of which can occur extremely slowly and
lead to an emergency situation [14, 15].

Let's consider further the peculiarities of
aerodynamic instability in high-rise (extended)
flexible structures and ways to combat the
phenomena of aerodynamic instability.

Such forms of aerodynamic instability as flutter,
galloping, vortex excitation, oscillations in the
aerodynamic trace are inherent to flexible
structures.

Vortex excitation (wind resonance) is an
intensive increase in the amplitudes of aero
elastic vibrations of the structure across the
wind flow [16].

Self-excited oscillations (self-oscillations) are
undamped oscillations, which are maintained by
energy sources that do not have oscillatory
properties, such as a uniform wind flow. They
can be observed when one of the natural
frequencies of the structure coincides with the
frequency of Karman vortices, which alternately
bounce off the surface of the elements [16].

A, = 7 ()

where / is the height of a facility, d is the
minimum cross-sectional dimension,;
If the ratio of the dimensions of the solid-wall

structure having the form (2) is A,>20, then one
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should perform the check for the possibility of
resonant vortex excitation according to Section
11.3 (SP?). The critical wind velocities Ver,
m/s, at which resonant vortex excitation by the
i" eigenform of vibration occurs, are determined
by the formula

k, fd
y o=l 3
cr. St ( )

where fi, Hz, is the eigenfrequency of the i”

bending eigenform; d, m, is the cross-sectional
dimension of the structure; Stis the Struhal
number of cross-section, determined
experimentally or by reference data; for circular
cross-sections St = 0.2; for sections with sharp
edges (including rectangular sections) it is St =
0.11. The coefficient &, takes account of the effect
of capturing the natural frequency of oscillations.
It is assumed to be 0.9...1.1 from the condition of
realization of the worst variant of loading.

Then, comparison of speeds is performed:
critical wind speed for the considered structure
(3) and maximum wind speed for the given area
Vmax(zeq) at the equivalent height ze,.

Vmax = 1’5 WOk(ZSK) (4)

where wo is the characteristic wind pressure,
and k(zox) is the coefficient of wind pressure
variation by height (11.1.4 and 11.1.6 SP).
Resonant vortex excitation does not occur if

V.>V

cr.a max

©)

If condition (5) is not satisfied, then various
measures are taken, which will be discussed
below.

The most typical is vortex excitation for
structures with circular cross section. In a
certain flow velocity range, the vortex trace
behind such profiles takes the form of the so-
called Karman track which is a double row of

2 SP 20.13330.2018 Loads and Actions
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point vortices with a staggered arrangement
[16], [17] (Fig. 1).

I e — e — e —
vﬂ
——r . . —_— =

— —— — — —

Figure 1. Karman vortex track.
d is the size of the cross section, I, h are the step
and width of the track.

The frequency of Karman vortex formation is
proportional to the velocity of the incoming

(a) A chimney in a cage

(b) chimneys connected by platforms

flow V' and inversely proportional to the cross-
sectional size d:

0" ©

with the coefficient of proportionality (Struhal
number S7), depending on the shape of the
profile.

High-rise solid-wall metal structures most
susceptible to wind resonance are chimneys and
stacks (Fig. 2).

(c) chimney with interceptors

Figure 2. Metal chimneys

When designing this type of structures,
checking for wind resonance is an obligatory
stage of calculation [19, 20]. Contrary to
popular belief, the presence of cage (Fig. 2, a)
has no effect on wind resonance and comes
from technical necessity. Interceptors (Fig. 2, c)
help to reduce the value of vortex formation, but
cannot prevent resonance. A special difficulty is
represented by chimneys arranged in a row (Fig.
2, b) (this case of aerodynamic instability will
be considered below). Pillars with height of 20-
50 m (Fig. 3) are used for placement of antenna
equipment along with towers and masts [14],
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[15] when there is no necessity of antenna
arrangement at high height (for comparison,
standard height of lattice towers is 20-100 m).
Despite of small height there is also a danger of
occurrence of wind resonance for them.
Consider also other types of aerodynamic
instability.

Galloping is the self-excited oscillations of
flexible structures in the direction across the
wind flow. The basis of the galloping process is
the following phenomenon: the transverse
motion of the body leads to the fact that the
resultant relative velocity of the flow on the
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body is oriented at an angle to the original
position of the flow vector, i.e. the effect of
changing the angle of attack and there is a
negative aerodynamic damping. As soon as it
becomes larger than the normal damping (and
this circumstance is indicated by Scruton
number Sc). The process becomes unstable and
galloping oscillations occur [4].

Figure 4. Ice on wires

) K& @z
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Figure 5. Possible forms of ice deposits on

Fi . T ] ]
igure 3. The pole with a height of 35 m wires

Galloping does not occur in the elements of

circular cross section, since the angle of attack
does not affect the aerodynamic coefficient, and
is inherent in the sections of L-, I-, U-, T-shaped
profile. However, this term is very often applied
to wires with circular cross-section: galloping or
"dancing" of wires. It is explained as follows:
during the cold season, icing of wires (Fig.4),
ice changes the shape of the cross-section
(Fig.5), and at a certain initial wind speed the
oscillations of galloping occur. The amplitudes
increase rapidly with increasing wind speed and
reach tens of cross-sectional body sizes. A o

similar effect of ice can have on mast structures
of great height (Fig.6).

Figure 6. Calculation scheme of a mast
structure in SCAD Software
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Flutter is an instability that can occur for
flexible plate or box structures. A change in the
angle of attack in this case causes the profile to
twist (disruptive flutter) or to twist together with
a displacement across the flow (classical
flexural-torsional flutter). A widely known case
of flexural-torsional flutter resulted in the
collapse of the Tacoma Bridge on November 7,
1940 (Figure 7) [16].

An example of high-rise structures capable of
experiencing flutter are billboards and road
signs (Fig.6).

Figure 7. Collapse of the Tacoma Bridge

Figure 8. Billboards. Calculation scheme in
SCAD Software.

Flexible structures or structural elements, such
as trunks or cables, may be arranged in a row or
group, may or may not stand in pairs. This leads

Volume 19, Issue 2, 2023

to the excitation of self-oscillations in the
aerodynamic trace. Depending on the a/b ratio
(Figure 9), vortex resonance or interferential
galloping can occur. Interferential galloping can
be excited if two or more cylinders are close to
each other without coupling [16].

B 3

a)

—"—
O—O

b
a) b) c)
Figure 9. Arrangement of cylinders in a row or
as a group

Flexible structures or structural elements, such
as trunks or cables, may be arranged in rows or
groups, may or may not stand in pairs

In addition to structures for industrial purposes,
special attention in terms of the occurrence of
vibrations such as wind resonance should be

paid to monuments. Thus, during the
construction and operation of several famous
domestic monuments accidents occurred

because of wind resonance.

The highest and most technically complex in
Russia, the Victory Monument is located in the
Victory Park in Moscow (Fig. 10). It has a
height of 141.8 m and was designed and erected
in the shortest possible time for the 50th
anniversary of the Victory in the Great Patriotic
War [18-21].

Under the direction of the chief engineer of the
project, B.V. Ostroumov, the Melnikov Central
Research Institute of Construction Materials
developed a project of lattice frame in the form
of a triangular prismatic tower, on which the
half-tower and then decorative bronze panels
was mounted. A similar lattice frame is located
inside the statue of the goddess Nika.

The frame of the Monument is high and lined
with solid panels, which automatically creates
an aerodynamically unstable form, unlike the
tall lattice-type radio and television towers.
Already at the initial stage of the design it
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became clear that such a tall, flexible structure
clad with decorative bronze panels would not
pass the "wind resonance" type of vortex
excitation test, and additional measures would
be required to protect it from this atmospheric
phenomenon.

b) The metal frame of
the Monument in

a) General view of the
Monument on Poklonnaya

Hill SCAD
Figure 10. Victory Monument on Poklonnaya

Hill in Moscow

During the design and installation of the
structure, several ways had to be used to combat
wind resonance. During the installation of the
frame, when the bronze panels covered 2/3 of
the monument's height, a strong wind rose. The
monument was in wind resonance, the
vibrations were visible to the naked eye and did
not fade. Then the simplest and most urgent way
to protect against vortex excitement was used -
the installation of stragglers. At the corners of
unfinished monument were installed steel cables
in the number of three (because the structure in
plan is close to the triangle). One end of the
cable was fixed to the corners of the frame at a
height of 2/3 and the other was fixed to the
quickly erected foundations of reinforced
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concrete blocks within a radius of 10-15 meters
from the center of the monument. The scheme
of the construction turned from free-console to
mast and until the completion of the monument
allowed to dampen any dangerous fluctuations
in the wind impact.

At the final stage, the dynamic dampers were
installed before the removal of cables, which
violated the architectural design of the author.
Dynamic vibration dampers (DVD) - a device
designed to damp the vibrations of the structure.
It consists of the inertial mass suspended on the
spring and the dampers connected to it. To
preserve the architectural appearance of the
Monument DVD were placed inside the
framework. The main part of the dampers is
located inside the sculptural group "Nica", and
another is placed along the central axis of the
monument at levels above the mark of 90
meters. Dynamic vibration dampers for the
Monument were developed simultaneously with
the basic design, their characteristics were
obtained experimentally by examining the
behavior of the structure model in the wind
tunnel TsAGI.

Vibration dampers are activated not only at the
moments of wind resonance, they also
contribute to the reduction of horizontal
displacement of the structure under the action of
wind load. The efficiency of DVD is provided
by their specific location on the structure, in
most cases not less than 2/3 of the total height.
At a mass of almost 800 tons the total mass of
all DVD is equal to 27.5 tons, which is 3.5% of
the mass of the structure.

RESULTS

At the end of the article, let's structuring all the
mentioned ways to reduce wind resonance of
high-rise flexible structures. If condition (5)
turned out not to be met at the design stage, use
the following ways to increase the damping of
the structure:

1. Structural changes in the shape and size of
the structure at the design stage allow to change
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the components of formulas (2) and (3) and the
period of natural vibrations of the structure.
Such measures are permissible if allowed by the
Technical Design Assignment.

2. Changing the design scheme in principle: use
of guy wire as a transition from the cantilever
scheme to the scheme with intermediate
supports; increasing the throughness of the
structure by adding holes. These measures are
often used on already constructed structures in
case of unforeseen circumstances.

3. Installation of vibration dampers, dynamic or
shock dampers. This measure can act as an
emergency, but usually dampers are designed at
the same time as the construction, when no
structural changes can not help to avoid the
phenomena of wind resonance. The design must
take into account the mass of the dampers, as
well as the design of sites for their placement.
Vibration dampers require regular inspections
and additional adjustments.

CONCLUSIONS

The article analyzes modern studies on the
impact of wind flow on extended flexible metal
structures such as chimneys, poles, billboards,
icy wires, monuments and monuments.
Construction of modern unique structures is
accompanied by modeling in FE software such
as Ansys, Nastran etc., which allows an
engineer to get a complete picture of the flow of
wind around the structure and to analyze the
possible unfavorable factors. However, for
typical structures or already built structures, the

authors recommend wusing the methods
described in the article.
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