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Abstract

Introduction: Despite the fact that, in recent years, the construction of long-span bridges has been extensively developed,
cases of bridge structures buckling in wind still occur, but the issue of their interaction with wind has not been sufficiently
studied. Purpose of the study: We aimed to improve the structural integrity and operational safety of long-span bridge
structures by conducting a computational and experimental study on the effect of various designs of aerodynamic dampers
on the aerodynamic stability of such structures. Methods: The study was performed in two stages. At the first stage,
preliminary two-dimensional numerical modeling was conducted to study the effect of various designs of aerodynamic
dampers on the wind flow over selected bridge spans. Based on the results of the preliminary two-dimensional numerical
modeling, we chose the most effective designs of aerodynamic dampers and made their models to conduct experimental
studies on aerodynamic stability on a special test bench. Results: Based on the obtained computational and experimental
results, we analyzed the effectiveness of various designs of aerodynamic deflectors and fairings used to improve the
aerodynamic stability of the standard bridge structure under consideration. Discussion: For a span with one main girder,

we determined the deflector design that reduces the vibration amplitude at high wind velocities.
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Introduction

The stability of elastic structures in wind is one
of the most knowledge-intensive and insufficiently
studied aspects of structural aerodynamics.
Aeroelasticity — a branch of structural aerodynamics
covering this aspect — deals with solving nonlinear
problems of the dynamics of building structures
in wind, and, as a consequence, assessing the
likelihood of aeroelastic instability phenomena. In
general, the tasks, goals, research methods, and
even the terms pertaining to the aeroelasticity
of building structures are very similar to those
pertaining to the classic aerodynamics of aircraft.
The aerodynamics of aircraft brought us terms that
determine aerodynamic instability phenomena: vortex
excitation, galloping, flutter, etc. Their occurrence
during the construction and operation of buildings
and structures gave rise to the development of
aerodynamics as a separate branch of construction
science.

Below we list some well-known cases of elastic
structures buckling in wind. However, it should be

noted that aerodynamic instability phenomena are
becoming more common in metal girder spans
(Tozaki Viaduct, Trans-Tokyo Bay Highway Bridge,
the bridge crossing to Kansai Airport, the spans
and approaches to Oshima Bridge, the spans and
approaches to Great Belt Bridge (East Bridge),
etc.), although it was historically believed that cable-
stayed and suspension structures with longer spans
were the most sensitive to dynamic wind action
(Ovchinnikov et al., 2015).

Ensuring the stability and safety of bridge
structures around the world is regulated by relevant
regulatory documents. In the Russian Federation,
such regulatory documents include Regulations SP
35.13330.2011 “Bridges and culverts” and State
Standard GOST 33390-2015 “Automobile roads of
the general use. Bridges. Load models and actions”,
in Europe — Eurocode 1: Basis of design and actions
on structures - Part 2-4: Actions on structures - Wind
actions (with national applications), in the USA —
ANSI/ASCE 7-95, etc. The experimental studies of
elastic structures in wind tunnels are an integral part
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of design. In international regulatory documents,
the corresponding experimental techniques are
represented more widely and in more detail.

The scientific and technical literature distinguishes
three basic ways to improve the aerodynamic stability
of bridge structures (Kazakevich, 2015; Kazakevich
and Zakora, 1983; Kazakevitch, 2020):

»  aerodynamic damping (installation of fairings
and deflectors);

. installation of man-made mechanisms for
vibration energy dissipation (various dampers, shock
absorbers, shock transmitters, etc.);

. changes in the design model of a structure.

In terms of ensuring the stability of a structure
in wind, it is rational to use aerodynamic damping.
Most studies assessing the effectiveness of various
aerodynamic dampers addressed particular bridge
structures at the stage of design. Besides, most of
the structures studied are suspension and cable-
stayed long-span bridges. As for girder bridge
structures, they have been studied less. Meanwhile,
in recent years, the construction of long-span girder
bridges has been extensively developed.

Methods

To conduct studies, we chose a typical span of a
long-span girder bridge with one main stiffening girder,
commonly used in modern construction (Figure 1).

To study the designs of aerodynamic dampers, we
chose fairings of the most common shapes: a fairing
of a beak shape (Figure 2a), a fairing with a smooth
contour (Figure 2b), a fairing with a sharp edge
(Figure 2c), which have proved their effectiveness
in the assessment of the aerodynamic stability of
suspension and cable-stayed bridge spans, as well
as two types of deflectors (Figures 2d, 2e) ensuring
favorable flow over a span.

To pre-select the optimal aerodynamic damping
model, it is advisable to use numerical modeling in
special flow dynamics software. This method makes
it possible to choose the most effective shape of
a deflector, based on the analysis of a qualitative
pattern of wind flow over the bridge cross-section.

These studies are sufficiently reliable for choosing
the shape and design of a fairing. Moreover,
experimental studies in wind tunnels are a necessary

Figure 1. A span with one main stiffening girder

condition to ensure the aerodynamic stability of a
bridge structure.

To conduct preliminary numerical modeling, we
used recommendations based on the experience of
using computational fluid dynamics (CFD) packages
in the aerodynamics of buildings and structures,
accumulated expertise, and ANSYS user manual.

The inlet of the computational domain was
represented by surfaces through which the flow
entered the computational domain. On the bridge
surfaces, the so-called no-slip wall condition was
set, and the flow velocity was zero. At the outlet, an
average relative static pressure of 0 Pa was set. In
the case of zero angle of attack at the upper and
lower boundaries of the computational domain, the
boundary conditions of impermeability were set.
Hybrid initialization was used. Pressure-Velocity
coupling was specified according to the SIMPLE
algorithm.

At the first stage, we analyzed the flow over the
selected types of spans with no account for the
design of fairings. The modeling was conducted for
the following three angles of attack of the incoming
flow: —3° (downward flow), 0°, and +3° (upward
flow). It was established that the upward flow (angle
of attack: +3°) is the most unfavorable in terms of
aerodynamic stability. Below we present the results
of preliminary modeling with various designs of
deflectors and fairings for this angle of attack
(Figures 3-8).

Based on the analysis of the results obtained (flow
pattern), the following preliminary conclusions can be
drawn: as for the selected span with one girder, it is
deflector of type 2 that has the most favorable effect.
It deflects the wind flow from the lower edge of the
main girder, thus changing the flow pattern for the
better. The studied designs of fairings did not have
any significant impact on the flow pattern, which is
most likely due to their small dimensions.

It should be noted that in all cases under
consideration, vortices still periodically separate from
the span, which indicates the need for experimental
studies to obtain complete information on the
aerodynamic stability of a structure in wind.

At the second stage, we conducted experimental
studies on the aerodynamic stability of a span with
the selected deflector design, by using a special
test bench as part of a unique research setup — the
Large Gradient Wind Tunnel, — and analyzed the
results obtained.

Considering the scale of the available
sectional models, we determined the scale and
basic characteristics of the deflector for their
manufacturing. The deflector model was made of
1.5 mm thick sheet aluminum (Figure 9).

The method of conducting experimental studies
with the use of sectional models (Figure 10) of spans
on special test benches for static and dynamic tests
is described in detail in the scientific and technical



Olga Poddaeva, Pavel Churin, Alexey Loktev, Chafic-Touma Salame — Pages 65-75
STABILITY AND RELIABILITY OF LONG-SPAN BRIDGE STRUCTURES

=

——>

a) b)
— - ﬂ
R pi—
c) d)
= —T
]
e)

Figure 2. Diagrams of aerodynamic fairings and deflectors

literature (Highways Agency, 2001; Kazakevich and
Zakora, 1983; National Research Council of lItaly.
Advisory Committee on Technical Recommendations
for Construction, 2010; Poddaeva et al., 2018;
Salenko, 2005).

In the course of dynamic testing of a span, the
following parameters of the forced vibrations of a
model induced by wind are determined: vibration
amplitudes, vibration frequencies, vibration modes,
and vibration spectrum.

The experimental studies were performed at a
yaw angle of 0° — the flow was perpendicular to
the axis of the span, which is the most unfavorable

direction in terms of aerodynamics.

During dynamic testing, the model was fixed with
spring suspensions on the special test bench. The
characteristics of the spring suspensions and the
corresponding flow velocity scale were determined
at the stage of model design. The damping level of
the model was as follows: 6 = 0.02, which meets the
requirements of the regulatory documents. The low
damping level is ensured by the rigid metal structure
of the model and its low dissipative properties.

Results

The results of the experimental studies are
presented as a graph that shows the span vibration
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Figure 3. Flow velocity distribution at a = +3° (without fairings)
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Figure 4. Flow velocity distribution at a = +3° (fairing of a beak shape)
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Figure 5. Flow velocity distribution at a = +3° (fairing with a smooth contour)
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Figure 6. Flow velocity distribution at a = +3° (fairing with a sharp edge)
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Figure 7. Flow velocity distribution at a = +3° (deflector of type 1)
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Figure 8. Flow velocity distribution at a = +3° (deflector of type 2)
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Figure 9. Aerodynamic deflector, type 2 (model)

Figure 10. Sectional model of a span
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amplitude dependence on the wind velocity.

Based on the results of the experimental
studies, it was established that the deflector design
(type 2) under consideration reduces the vibration
amplitude at high wind velocities, and there is no
unlimited increase in the amplitude of torsional
vibrations characteristic of divergence. Meanwhile,
the amplitude of vibrations under vortex excitation
increases significantly. Thus, before assessing the
applicability of this model, we need to evaluate the
maximum allowable amplitude of span vibrations.

In general, based on the analysis of the
preliminary numerical modeling and conducted
experimental studies, it is fair to say that all the
studied designs of fairings and deflectors do not
have a significant positive effect on the stability of
a single-girder span with geometric characteristics
close to those studied. First of all, this is due to the
dimensions of the fairings and deflectors under
consideration. They do not introduce significant
changes in the flow pattern. The phenomenon of
vortex resonance excitation in the range of wind
velocities between 20 and 30 m/s persists, even
when the most effective model with the deflector
of type 2 is used, while the amplitude of vibrations
changes, and the critical wind velocity, at which
the peak of the vibration amplitude is observed,
increases slightly. It is important to note the local
effect from the deflector of type 2, which eliminates
the possibility of divergence.

Conclusions and Discussion

The regulatory documents applicable in the
Russian Federation contain only instructions for
the performance of studies on the aerodynamic
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stability of bridge structures. The method of
conducting such studies is partially described in
the industrial standards as well as the scientific and
technical literature. The international documents
provide recommendations on the performance of
experimental studies with the use of wind tunnels.
However, the regulatory documents contain no
recommendations for the improvement of the stability
of bridge structures in wind.

Most studies assessing the effectiveness of
various aerodynamic dampers addressed particular
bridge structures at the stage of design. Besides,
most of the structures studied are suspension and
cable-stayed long-span bridges. As for girder bridge
structures, they have been studied less. Meanwhile,
in recent years, the construction of long-span girder
bridges has been extensively developed.

To assess the effectiveness of the design of
aerodynamic dampers, an integrated computational
and experimental approach was chosen. At the first
stage, we conducted preliminary numerical modeling,
and, as a result, obtained a qualitative pattern of
wind flow over the span under consideration. At that
stage, various designs of aerodynamic dampers
were considered. Based on the flow pattern analysis,
the most effective option was selected. At the
second stage, experimental modeling in a special
wind tunnel was conducted for the selected fairing/
deflector design. Such an approach makes it possible
to significantly optimize the time and cost of studies
by reducing the number of physical tests performed.

For a span with one main girder, it was
established that the deflector design (type 2) under
consideration reduces the vibration amplitude at high
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Figure 11. Vibration amplitude dependence on the wind velocity. Angle of attack: 0°
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wind velocities, and there is no unlimited increase in
the amplitude of torsional vibrations characteristic of
divergence. Meanwhile, the amplitude of vibrations
under vortex excitation increases significantly. Thus,
before assessing the applicability of this model, we
need to evaluate the maximum allowable amplitude
of span vibrations.
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AHHOTauusa

HecmoTpsa Ha TO, YTO CTPOUTENBLCTBO GONbLIENPONETHLIX MOCTOB B MOCMEeAHEe BPeMS MOMAy4Yurio WMpokKoe
pacnpocTpaHeHne 1 pasBuTue, 4O CMX NOp HaAGMIOAATCA Criyvyan NoTepu yCTOMYMBOCTM MOCTOBbLIX KOHCTPYKLMI B
BETPOBOM NOTOKE, a8 cama TeMa B3auMOAENCTBUSA MOCTOBbLIX KOHCTPYKLIMIA C BETPOM OCBELLEHA B HayYHO-TEXHNYECKON
nutepatype B HegocTaToyHon cteneHun. Llenb paboTbi: MNoBbiLWEHNE KOHCTPYKTMBHOW NPOYHOCTH U 6e3onacHoCTM
akcnnyaTtaunmn 6onbLIenponeTHbIX MOCTOBbLIX KOHCTPYKLUUI NyTeM NPOBEAEHUSA pacYeTHO-3KCNePUMEHTanbHOro
nccnefoBaHUsa BNUSHUA pas3fUYHbIX BapuMaHTOB aspofvHamMunvyecknx aemndepoB Ha UX a’apoamHaMUYecKyto
yctonumeoctb. MeToabl: PaboTa cocTomT M3 ABYX 9TanoB: Ha NEpBOM 3Tane NpoBOAUTCHA NpeaBapuTenbHOe AByMEpPHOe
YNCIEHHOE MOAEennpoBaHne BAUAHUS pPa3NUYHbIX BapuaHTOB aspoAnmHaMudeckux gemndepo Ha obTekaHue
NPONETHbIX CTPOEHNN MOCTOBbLIX KOHCTPYKLMIA BbIOBpAaHHOro Tuna BeTpPOBbIM NOTOKOM. Ha OCHOBaHuK pe3ynbtaToB
npeaBapuTENbHOrO ABYMEPHOrO YNCNEHHOro MoAennpoBaHus BolbpaHbl Hanbonee apdekTUBHbBIE KOHCTPYKLNN
aspoanHaMmnyecknx 4eMndepoB U N3roTOBNEHbI UX MOAENMN ANS NMPOBEAEHNSA SKCMEePUMEHTarbHbIX NCCreAoBaHUin
a3poANHaAMMNYECKON YCTONYMBOCTU B Cneumanm3npoBaHHoM cteHge. PesynbraTtbl: Ha ocHOBaHMM nonyYeHHbIX
pacyeTHbIX N 9KCMEepUMEHTanbHbIX pe3ynbTaToB UcCCnenoBaHMs NpoBeAeH aHanms aPdeKTUBHOCTU pPa3nnYHbIX
BapMaHTOB aspoanHaMmnyeckmx AednekTopoB 1 obTekatenemn, NpMMeHseMbIX A58 MOBbILWEHNS a3poanHaMMUYecKon
YCTOMYMBOCTW paccMmaTprBaeMbIX TUMOBON KOHCTPYKLMK MocTa. O6cyxaeHue: [1ng NnponeTHoro CTpOeHUs ¢ 04HOMN
rnaBHOM 6ankomn ycTaHoBMNEeHa KOHCTPYKUUA AednekTopa, CHuXalwasa amnnutyay konebaHum Ha BbICOKMX CKOPOCTSX
BETPOBOro NoToKa.
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