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Abstract

Introduction. This paper addresses the problem of aerodynamic stability of bridge structures, specifically the phenomenon
of buffeting. The relevance of the study is driven by regular accidents and failures of bridges, among the causes of
which are insufficient consideration of wind effects and aerodynamic instability of structures. The aim of this work is to
experimentally assess the aerodynamic stability of a two-span road bridge (with a central span length of 130 m) considering
the possible occurrence of buffeting. Methods. The research methodology includes manufacturing a physical model of the
superstructures with geometric and dynamic similarity, conducting static tests to determine aerodynamic coefficients, and
dynamic tests of the aerodynamic stability of the model. Key results. Experimental studies on section models have shown
that buffeting can occur in a superstructure located in the aerodynamic wake behind another — with the inclination of the
structure relative to the oncoming flow and the difference in the overall dimensions of the fairings playing a critical role.
Experimental modelling in wind tunnels remains the key method for assessing the possibility of aerodynamic instability
phenomena in long-span bridges. Refinement of computational models will reduce the risks of bridge structure failures

caused by wind effects.

Keywords: buffeting, experimental modelling, wind tunnels, wind effects, aerodynamic instability, bridges.

Introduction

The analysis of recent disasters is consistent
with the findings of studies (Maistrenko et al., 2017;
Maistrenko et al., 2018; Ovchinnikov et al., 2017;
Ovchinnikov et al., 2018): accidents and failures of
transport structures represent a persistent global
problem, independent of the level of economic
development of countries. Poddaeva (2022) notes
that such incidents have been recorded in the past,
continue to occur today, and are likely to persist in
the future, with their frequency potentially correlating
with the total number of transport facilities. Among
the key risk factors confirmed by both Russian
and foreign experts, insufficient consideration of
wind effects stands out. In particular, the series of
works (Maistrenko et al., 2017; Maistrenko et al.,
2018; Ovchinnikov et al., 2017; Ovchinnikov et al.,
2018), representing one of the most comprehensive
analyses of bridge structure failures, classifies the
underestimation of wind loads and aerodynamic
instability as an independent group of causes of
disasters.

The increase in spans and flexibility of modern
bridges (especially cable-stayed and suspension
bridges) enhances susceptibility to buffeting. Even
structures that are stable under static wind loads may

experience critical dynamic effects in the wake. The
resulting losses of stability of bridge structures, up
to and including failure, demonstrate that for bridge
structures, verification of aerodynamic stability is
one of the key stages in their design.

The design of bridge structures necessarily
includes a stage of ensuring their aeroelastic stability.
The regulatory framework of the Russian Federation
defines the procedure for investigating wind effects,
which is established in GOST R 59625-2022 “Public
Roads. Bridge Structures. Rules for Calculation and
Confirmation of Aeroelastic Stability”. In accordance
with clause 5.1 of the standard, the consideration of
wind effects should cover the following aspects:

— static wind effect on the structure and its
elements;

— dynamic effect, including wind gusts, squalls,
and the influence of thunderstorm fronts;

— aeroelastic interaction of the flow with the
superstructure.

Calculations for static and dynamic loads
are performed according to GOST 33390; SP
20.13330.2016; SP 35.13330.2011.

Special attention should be paid to the
phenomenon of buffeting — one of the least
studied forms of aeroelastic instability (Kazakevich,
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2020) — which occurs under turbulent conditions
or in the wake behind structural elements due to
the superposition of heterogeneous aerodynamic
forces. A characteristic feature of buffeting is an
increase in oscillation amplitude (“build-up”) due to
wake impacts. The high danger of this phenomenon
is due to its insufficient theoretical development
(Kazakevich, 2020).

The requirements for ensuring aerodynamic
stability are specified in clause 12 of GOST R
59625-2022:

So
—>50. 1
H M

where S is the clear distance between structures
or individual structural elements, and H is the
characteristic dimension of the structure across
the flow, in the wake of which the structure under
consideration is located, m.

Clause 12.2 of GOST R 59625-2022 prescribes
that if condition (1) is not satisfied, the results of
model tests in wind tunnels should be followed.

Soloviev (2016) states that the influence of
buffeting can be neglected if the distance between
bridge structures exceeds 10 times the width of the
central span of the bridge. However, if two practically
identical superstructures are located in the same
plane and separated only in the longitudinal direction
by a gap of less than 1 m, the wind force on the
windward side can be calculated in the same way
as for a composite structure. In other cases, it is
necessary to investigate the mutual influence of
bridges.

Bridge aeroelasticity plays a key role in long-span
bridge buffeting response, and therefore correct
modelling of self-excited forces in turbulent flow is
crucial (Barni et al., 2022). Several studies (Diana et
al., 1993; Diana and Omarini, 2020; Chen and Kareem,
2001) have also demonstrated that the aeroelastic
behaviour of most bridge cross-sections is significantly
affected by a variation of the mean angle of attack.
Barni et al. (2022) propose a time-domain framework
based on the 2D self-excited force model, yielding a
time-variant state-space formulation of the buffeting
problem. In the research by Gao et al. (2024), the
phenomenon of buffeting in the wake is investigated
using numerical modelling. The results indicate that

the wake-induced vibration of the suspender exhibits a
lock-in phenomenon with large cross-wind amplitudes
at specific incoming wind velocities. Morais da Costa
et al. (2022) propose an improved bridge buffeting
theory with an emphasis on skew wind directions,
for both turbulence- and motion-dependent forces.
Traditional models often consider wind acting strictly
along or across the bridge. The new theory accounts
for skew angles of attack and simultaneously models
the influence of turbulence and “feedback”: when the
motion of the bridge itself changes the aerodynamic
forces acting upon it.

Thus, the primary method for assessing the
aerodynamic stability of bridge structures remains
experimental modelling in wind tunnels. Further
developmentofthe theoryand practice ofinvestigating
superstructures for buffeting phenomena willimprove
the accuracy of computational models, enhance
regulatory design requirements, and reduce the risks
of bridge failures due to insufficient consideration of
wind effects.

Methods

As the object of study for the possible occurrence
ofbuffeting, atwo-spanroad bridge witha central span
length of 130 m was selected. The cross-sectional
layout of the bridge is shown in Fig. 1. The distance
between the two spans is 1.1 m. According to Fig. 1,
the criterion for ensuring aerodynamic stability is not
satisfied; therefore, the verification of aerodynamic
stability must be carried out based on the results of
model tests in wind tunnels.

In accordance with clause 5.48 of SP
35.13330.2011 “Bridges and Pipes”, the assessment
of the aerodynamic stability of a bridge requires
modelling of the longest span section — as the
most susceptible to dynamic wind effects. The
methodology of aerodynamic experimental studies
is described in detail in reference (Poddaeva,
2022). The experiments are performed at the
Unique Scientific Facility “Large Research Gradient
Wind Tunnel” of NRU MGSU. The physical model
of the superstructures is manufactured at a scale
of 1:64.2 from sheet aluminium. The choice of
material ensures high geometric similarity accuracy,
lightness, and rigidity of the structure. The resulting
model meets the requirements of clause 15.4.2 of

Fig. 1. Typical cross-sectional layout of the bridge superstructure
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GOST R 59625-2022 regarding geometric similarity
and mass distribution relative to the full-scale
object. Similarity in Newton and Scruton numbers
is maintained. The manufactured model (Fig. 2)
corresponds to the full-scale object in the following
parameters: geometric similarity; correspondence
of mass distribution; correspondence of geometric
centres of mass; which fully satisfies the requirements
of GOST R 59625-2022. The calculated similarity
criteria values are presented in Table 1.

The designed model corresponds to the full-scale
object in the following parameters:

— geometric similarity;

— correspondence of mass distribution;

— correspondence of geometric centres of mass;

which fully satisfies the requirements of GOST R
59625-2022.

The correspondence of the section model to
the similarity laws ensures the representativeness
of the aerodynamic test results. In this case,
the actual behaviour of the superstructure is
adequately reflected by the behaviour of its model

Fig. 2. Model of the investigated object

in the wind tunnel, which allows direct extrapolation
of experimental data to the full-scale object.
Dynamic similarity of the model and its frequency
characteristics are modelled by specialised springs
of the measuring stand.

When investigating the dynamic behaviour of
the downstream superstructure, the recommended
standard values of oscillation frequencies were
adopted as reference points for verification of
experimental data:

— the frequency of the first (bending) mode
of oscillation was set at f_ . = 0.68 Hz, which
corresponds to typical parameters of similar
structures;

— the frequency of the fifth (torsional) mode of
oscillation was adopted as f_ = 3.38 Hz, reflecting
the expected response of the system to torsional
effects.

An important parameter characterising the
dissipative properties of the structure is the
logarithmic decrement of damping. At small
oscillation amplitudes, its value was 6 = 0.02, which
is typical for rigid metal structures with low internal
damping.

For a comprehensive assessment of damping
properties across the entire range of investigated
regimes, data on the logarithmic decrement of
damping are presented in Table 2. These values allow
for: assessing the change in damping depending on
the oscillation amplitude; comparing experimental
results with computational models; confirming the
correctness of the selected reference frequencies.

The scales of wind velocity, geometric dimensions,
and frequencies are determined based on the ratio
of the model and full-scale bridge dimensions — the
corresponding data are presented in Table 3. The
results of oscillation frequency measurements of the
superstructure model, performed on the measuring
stand, are shown in Figs. 3-5.

Table 1. Calculated similarity criteria values

Model Full Scale Model / Full Scale
Newton similarit Nw
Y Ny = 942 Nw = 974 mod_— (.97
Nw g
Scruton similarit Sc
Y SC,oq = 37.68 Se g1 = 38.96 ZZmod _ g 97
N

Table 2. Logarithmic decrement of damping values at different oscillation amplitudes

Oscillation Amplitude Model Damping Decrement Value
Amplitudes around 50 mm in full-scale equivalent 0.02
Near-zero amplitudes at the end of the decay process 0.018
Amplitudes around 150 mm in full-scale equivalent 0.027
Amplitudes around 300 mm in full-scale equivalent 0.04
Amplitudes around 400-500 mm in full-scale equivalent 0.06
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Table 3. Ratios for the model and full-scale object

Oscillation Mode Full-Scale Object Model Velocity Scale U*
Full-scale object and| Bending (1st mode) 0.68 Hz 9.15 Hz 477
model frequencies Torsion 3.38 Hz 16.7 Hz 12.9
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Fig. 3. Damped oscillatory process
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Fig. 4. Power spectral density for bending oscillations

The calculation of the wind velocity scale for estimates for similar structures. The layout of the

bending oscillations was performed using the force-moment sensors is shown in Fig. 6, and

classical Strouhal formula: the range of considered angles of attack of the

U= = 64,2~%: 4,77 2) oncoming wind flow is shown in Fig. 7. Preliminary

9,15 tests of the bridge model in the flow showed

Preliminary aerodynamic tests of the bridge that the obtained Strouhal number (calculated

model confirmed that the experimental Strouhal from the flow velocity and oscillation frequency)

number (calculated based on the flow velocity and corresponds to the analytical estimate for similar
oscillation frequency) corresponds to analytical structures.
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Fig. 5. Power spectral density for torsional oscillations
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Fig. 6. Placement of force-moment sensors during static tests
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Fig. 7. Angles of attack of the oncoming wind flow considered during experimental studies
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In accordance with the adopted methodology
(Poddaeva, 2022), at the first stage of the study,
static tests are conducted to determine the
aerodynamic coefficients. The obtained graphs of
the dependence of lift force (Cy), drag force (Cx),
and pitching moment (Cmz) on the angle of attack of
the flow at angles of attack (-10° to +10°) for spans
located in the wake are presented in Fig. 8.

In accordance with the methodology (Poddaeva,
2022), at the second stage of the study, dynamic tests
of the aerodynamic stability of the superstructure
model were conducted. The experimental studies

a) 03

b)

-0,40

were performed at yaw angles of 0° and 180°, which
correspond to the flow direction perpendicular to the
axis of the superstructure — the most unfavourable
from an aerodynamic point of view. During the dynamic
tests, the model was mounted on spring suspensions
in a specialised stand. The characteristics of the
suspensions and their corresponding flow velocity
scale were determined at the model design stage.
The damping level of the model was measured and
amounted to 6 = 0.02, which meets the requirements
of GOST R 59625-2022. The low damping value is
due to the rigid metal structure of the model and its
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Fig. 8. Graphs of the dependence of lift force (Cy), drag force (Cx), and torsional moment (Cmz)
on the angle of attack of the flow at angles of attack (—10° to +10°): (a) Model A in the wake of B;
(b) Model B in the wake of A
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low dissipative properties. To measure the model
displacements, four optical sensors operating on the
principle of laser triangulation were used. This method
does not affect the free motion of the suspended
model. The wind velocity was recorded using a
Pitot tube connected to a high-sensitivity pressure
sensor. The signals from the displacement sensors
first passed through a low-pass filter and then were
digitised by a 16-bit analogue-to-digital converter at
a rate of 1,000 samples per second. Displacement
measurements were taken relative to the zero level
at a wind velocity of 0 m/s.
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The stability assessment results are presented in
the form of a graph of the full-scale superstructure
displacement versus the mean wind velocity (Fig. 9).
Vertical lines on the graph indicate threshold flow
velocity values:

e design velocity — yellow line;

e critical flutter velocity — red line.

The critical flutter velocity value was calculated
in accordance with the requirements of GOST R
59625-2022. The test programme provided for
studies at yaw angles of 0° and 180° for angles of
attack a = -5°, =3°, 0°, +3°, +5°.
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Fig. 9. Dependence of the oscillation amplitude A of the superstructure on the mean wind flow velocity at various angles of
attack (bending oscillations in the first mode, yaw angle 180°): (a) Model A in the wake of B; (b) Model B in the wake of A
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Table 4. Yaw angle 0° (Bridge B in the wake of A)

Angle of Attack Phenomenon Velocity Range (m/s) Max. Amplitude (mm)
-5° Vortex-induced excitation 19.1-20.0 51
-3° Vortex-induced excitation 19.1-20.0 35
+3° Vortex-induced excitation 17.7-19.1 96
+5° Vortex-induced excitation 27.2-28.6 19
Table 5. Yaw angle 180° (Bridge A in the wake of B)
A:tgzlaec:f Phenomenon VeIoc:(Ltr‘)/lsIR;ange Max. Amplitude (mm) Special Conditions
-5° Vortex-induced excitation 15.3-20.0 51 (at 16.3 m/s) —
-3° Vortex-induced excitation 22.0-28.0 26 (at 23.7 m/s) —
0° Vortex-induced excitation 22.0-30.0 26 (at 27.9 m/s) —
+3° Bending oscillations with 33.0-42.3 777 (at 42.3 m/s) Beyond the calculated range
amplitude growth for galloping; stopped for safety
reasons
+5° Bending oscillations with 33.0-42.3 1027 (at 42.3 m/s) |Beyond the calculated range
amplitude growth for galloping; stopped for safety
reasons

Results

During the experimental studies, various regimes
of aeroelastic oscillations of bridge structures were
identified (Tables 4, 5).

Conclusion and Discussion

As already mentioned, buffeting is one of the
least studied phenomena of aerodynamic instability
in building structures. Unlike other phenomena, such
as galloping, divergence, and the similar-in-nature
vortex-induced resonance excitation, there are
currently no assessment methods for the analytical
evaluation of buffeting occurrence. The only reliable
way to assess the possibility of its occurrence is to
conduct experimental studies. The conducted studies
on section models have shown the occurrence of
oscillations for one of the superstructures when
it is located in the aerodynamic wake behind the
other (Model B, leeward). Despite the fact that the
shapes of the superstructures are almost identical,

88

their inclination relative to the oncoming flow, as
well as the difference in the overall dimensions of
the fairings, plays a significant role in the possibility
of buffeting occurrence. This is precisely why,
with the opposite orthogonal flow direction (Model
A, leeward), buffeting is not observed. Thus,
conducting experimental studies of the aerodynamic
stability of twin parallel superstructures is of
paramount importance in ensuring their reliability
and mechanical safety, as it is currently the only
way to identify the possibility of occurrence of such
a dangerous phenomenon of aerodynamic instability
as buffeting.
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OLUEHKA BJINAHUA BA®PTUHIA B CITYTHOM CIEQE
HA ASPOOUHAMMYECKYIO YCTONYMBOCTb MOCTOB
HA OCHOBE 3KCNEPUMEHTAJIbHOIO MOOEJNTIMPOBAHUA

Onbra WropesHa lNogaaesa

Y4ebHo-Hay4HO-NPOM3BOACTBEHHAs TabopaTopus a3pOaMHAMNYECKMX Y a9P0aKyCTUHECKMNX UCTIbITAHWIA
cTpouTenbHbIX KOHCTpykumn (YHIT AANCK), HaunoHanbHbIn nccnegosatensckuii MockoBCKui
rocygapCcTBEHHbIN CTpoUTenbHbIM YHUBepcuTeT, Mocksa, Poccus
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AHHOTauuA

BBegeHune. B cratbe paccmatpuBaetcs npobrnema aspoauHaMUYecKOW YCTOWYMBOCTM MOCTOBBLIX COOPYXKEHWN,
B YaCTHOCTW — siBreHne 6adTmHra. AKTyanbHOCTb MCCreoBaHNsi 06yCrnoBneHa perynsipHbIMy aBapusiMn 1 paspyLUeHUSIMN
MOCTOB, Cpeay NPUYMH KOTOPbIX — HE0YYET BETPOBLIX BO3AENCTBUIA M a3poAMHaMMYecKkasi HeyCTOMYNBOCTb KOHCTPYKLIMIA.
Llenbto paboTkl ABNSETCS 3KCNepMMEHTarnbHas oLieHKa aapoanHaMUYECKON YCTOMYMBOCTU ABYXNPONETHOMO aBTOLOPOXKHOIO
MocTa (onuHa ueHTpanbHoro nponéta — 130 M) C¢ y4€TOM BO3MOXHOIO BO3HUKHOBEHUS GadtuHra. Metogmka
uccrnenoBaHUs BKITKOYAET: N3roToBrneHne usnyeckor Moaenv nponéTHbIX CTPOeHNI ¢ cobniogeHnemM reoMeTpruyeckoro n
OnHaMuyeckoro nogobus, npoBeaeHne CTaTUYecKMX UCTIbITaHWIA A51s onpeaeneHnst aapoanHamMnu4ecknx KoadULNEHTOB,
OVHaMUYECKME UCTIbITAaHUS adpoAMHAMUYECKOW YCTONYMBOCTU Moaenu. OCHOBHbIe pe3yrnbTaTbl: OKCNepuMeHTarnbHbIe
UCCIeLoBaHNSA Ha OTCEYHbIX MOZENSAX NoKa3anu, YTo 6adTVHT MOXET BO3HMKATb Y MPONETHOMO CTPOEHWS, PacronoXeHHOro
B adpoAvHaMU4eCcKoM crnefe 3a OpYrrM, — Mpu 3TOM KPUTUYECKYIO POfb UrpatoT HakKMoOH KOHCTPYKLUU OTHOCUTENbHO
Haberatowlero noToka WM pasHuua B rabapuTHbIX pasmepax obTekatenei. JkcrnepuMeHTanbHoe MopenupoBaHue B
aspoamHamMuyecknx Tpybax ocTaéTtcs KMoYeBblM METOAOM OLEHKM BO3MOXHOCTW/ HEBO3MOXHOCTU BO3HUKHOBEHMS
SIBMEHVIA a3pOAMHAMMUYECKONW HEeyCTONYMBOCTM BonbLuenponeTHbix MOcToB. COBEpLUEHCTBOBAHNE pPacHETHbIX MoAenen
MO3BOSSAT CHU3WUTb PUCKM BO3HUKHOBEHMWS aBapuii MOCTOBBIX KOHCTPYKLMIA, 0OYCMOBMEHHbIX BETPOBLIMU BO3OENCTBUSIMU.

KniouyeBble cnoBa: Ga(bTMHI', JKCnepumeHTarnbHoe MmogennpoBsaHue, aspognHamny4eckmne pr6bl, BETPOBbIE BO3ENCTBUS,
aspoanHammnyeckas HeyCTOVI'-IVIBOCTb, MOCTbI.
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