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Dynamic response of structures with frequencies greater than 1 Hz
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Abstract

The design Standards suggest that a dynamic relsesonse
will only occur on buildings and structures witimatural
frequency below 1 Hz. This paper presents a sefiease
studies on relatively straightforward structurest tHustrated a
significant resonant response with natural freqie=mnic excess
of the arbitrary limit. CFD has been used to illatgrthe dynamic
forcing mechanism.

Introduction

Vortex shedding occurs when vortices are shedraltely from
opposite sides of a structure. This action gives to a
fluctuating load perpendicular to the wind flowaetition.
Resonance will occur if the vortex shedding freqyaadhe
same as the natural frequency of the structures dtgurs at the
critical wind speed for vortex shedding. If thetical wind speed
occurs regularly, the structure may be susceptibfatigue with
the number and magnitude of the load cycles beapnelevant.

Various wind loading design standards provide guigafor
when the dynamic response of structures to bermferm. For
convenience, the relevant clauses are presented .bel

AS/NZS1170.2:2011, Standards Australia (2011)

Clause 1.1 note 2.

Where structures have natural frequencies lessthdmn Section
6 requires dynamic analysis to be carried out s=gion 6).

Clause 6.1

The dynamic response factor (Cdyn) shall be detexthifor
structures or elements of structures with naturedt-mode
fundamental frequencies as follows:

(a) Greater than 1 Hz, Cdyn = 1.0.
ASCE 7-10, American Society of Civil Engineers (2010)

Clause 26.2

BUILDING AND OTHER STRUCTURE, FLEXIBLE: Slender
buildings and other structures that have a fundémheatural
frequency less than 1 Hz.

BS6399, British Standard (2002)

Clause 1.1

NOTE 2 Wind tunnel tests are recommended whenaime 6f
the building is not covered by the data in thisdtad, when the
form of the building can be changed in respondbedest results

in order to give an optimized design, or when logdiata are
required in more detail than is given in this stod
Specialist advice should be sought for buildingpsiseand site
locations that are not covered by this standard.

The methods given in this Part of BS 6399 do notyaimp
buildings which, by virtue of the structural propes, e.g. mass,
stiffness, natural frequency or damping, are paldity
susceptible to dynamic excitation. These shoulddsessed
using established dynamic methods or wind tunretfte
NOTE 3 See references [1] to [4] for examples tdldshed
dynamic methods.

NOTE 4 If a building is susceptible to excitation\wortex
shedding or other aeroelastic instability, the nmaxin dynamic
response may occur at wind speeds lower than themaen.

Eurocode EN1991-1-4, European Standard (2005)

Clause 6.3.3

Wake buffeting effects may be assumed to be néxdgigi at
least one of the following conditions applies

« The distance between two buildings or chimneyargdr
than 25 times the cross-wind dimension of the ejpsir
building or chimney

« The natural frequency of the downstream building or
chimney is higher than 1 Hz.

NOTE: If none of the conditions in 6.3.2(2) is fliéfd wind
tunnel tests or specialist advice is recommended.

It is evident from the above that a natural frequydimit of 1 Hz
is prevalent across the various Standards. How#Jismot clear
whether this is associated with turbulence buftgtirortex
shedding, or other aeroelastic instability.

Generally, the primary mechanism for dynamic exicitais
vortex shedding, the regular pattern developecdhlesislayers
interacting from either side of a structure. These be from
individual elements, or from interference betweeighbouring
structures.

Case Studies

Chimney

The natural frequency of a 30 m tall, lightweigtetai stack,
Figure 1 (L), was estimated at about 1.3 Hz. This im excess
of the 1 Hz suggested limit in Standards Austr@i@l1) and
therefore no dynamic assessment was conductedcritical
mean wind speed for the stack was about 9 m/s.Wihis speed
occurred within about 1 week of erection. Recordeskovations



showed a natural frequency of about 1.4 Hz andhi pepeak
displacements of about 0.5D. For safety reasorstdek was
lowered to the ground and a damper solution deeelppigure
1(R).

After installation of the damper, field measurensemere taken
to measure the response with and without the daagisated.
A summary of the results are presented in TabledlFagure 2.

Fgur 1:Photo of stack before (L) and after inataln of damper (R)

Table 1: Summary of results

First trandational mode Second mode
Damper Natural Damping Natural
state frequency /% of critical frequency
/Hz /Hz
Active 1.61 5.2 7.4
Chocked 1.61 0.13
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Figure 2: Decay trace with the chocked damper

An estimation of the cross-wind dynamic responsthefstack in
various configurations was estimated using theguoe
outlined in ESDU (1989), Figure 3. The predictedlpeross-
wind deflection agrees reasonably well with theepbations and
Bureau of Meteorology weather data measured nearby.

It would be recommended to include a sentencedetid of
Note 2 in Clause 1.1, that regardless of naturglieacy, all
lightweight circular hollow sections such as mastd chimneys
should be assessed in accordance with Clause 6.3.3.

1.0000

—&— Predicted, 0.2% damping
—a— Observed, 0.2% damping
—o— Measured, 0.13% damping
—-0— Measured, 44% damping
e Design Cat 3

== = = Design Cat 2

0.1000

0.0100

\

A A A R A O O A3 O i Ay AR

Peak tip deflection / diameter
‘0\

0.0010

0.0001

1 10

Mean Wind Speed /m/s

Figure 3: Comparison between the cross-wind respafighe original
stack design and with damper active and chocked

Fence

A 2 m high fully welded fence suffered fatigue taé after 3
months installation. The fence palings are circirlagection,
with a 25 mm diameter, and have a natural frequehepout
22 Hz.

Figure 4: 2 m high full-scale fence in the wind+eh

The wind-induced dynamic response was assessaghthro
qualitative visual observations for a range of slengpientations
and wind speeds. Observations include all poteefitation
mechanisms associated with the wind passing bettieen
individual elements as well as interference betwelements.
The rigidity of the entire assembly allows vibratienergy to be
transferred throughout the system. As all the galpalings have
essentially the same natural frequency in all dives, there is



the potential for vibrational energy transfer besawenodes as
was observed.

The observed vibration was categorised into fotegmies with
approximate peak to peak displacements: S(mallLeld
deflection), Mi(ld) (1/16-1/4D deflection), Mo(deeg (1/4-3/4D
deflection), and E(xtreme) (>3/4 D deflection), wh® is the
diameter of the vertical element (25 mm). The tssfolr the
three configurations are presented in Table 2, &/Besets of data
under each wind speed refer to a 2 m tall fenae2tn tall fence
with additional angle, and the 1.4 m tall fenceidient wind of

0° is for the wind parallel to the fence.

Table 2: Qualitative results for all tests
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The extreme responses were caused by interferéiectse
between elements. The upwind elements generattidasmthat
shed from the cylinder in an oscillating patterheTrequency of
shedding is a function of the geometry of the elenaed the
approach wind speed. At a critical wind speed,ghastices in
turn generate a fluctuating load on the next eléraethe natural
frequency of the element therefore causing resandrite
magnitude of the loading is small, but with sudbwva level of
structural damping at about 0.2% of critical, anel hear
identical natural frequencies of the elementslinliaéctions the
entire array of elements stores vibrational energyr time and
eventually becomes excited. The movement of theécadr
elements has a beating characteristic where tieeelevibrates
in one direction, then transfers the vibrationhte trthogonal
mode. The mode switching takes place over a durafi@bout
2s.

The introduction of a 25 mm equal angle screweebith vertical
element significantly reduced the dynamic respdoseall wind
directions. The angle was connected with generdlsbeeting
screws, with the rubber washer placed betweenrtgke and the
vertical elements to increase the structural dagiptrshould be
noted that as the overall geometry of the systemoishanging
and therefore the dynamic wind forces will remamikar,
however the change in structural dynamic propergdsices the
response by suppressing the transfer of energyeleetmodes,
and the incorporation of additional structural damgat the
connection.

Ground-mounted solar panels

Ground mounted solar arrays, or other structurés kaige
horizontal extent, and/or numerous repetitive $tmgs, can be
subject to vortex shedding and consequent dynagsamance
effects. The turbulence causing vortices are géeeiay the
geometry and repetitive upwind structures, rathantcoming

from gust energy inherent in the wind as is the das other
situations with vortex shedding. The resulting btiffg can
introduce significant dynamic resonance effects.

A Strouhal number of about 0.15 has been deternfored
isolated flat plates in free flow and in proximitya surface by
Fage and Johansen (1927) and Matty (1979) respctirom
studies using simultaneous pressure measuremenigcn
models, Strobel and Banks, (2014) found the Strontwaber for
peak excitation of the structure is between 0.G6@A0, where

St=n.L/U,

where U is the mean wind speed, L is the verticajgeted
vertical height Chord length x sin(tilt), andis the structural
natural frequency. This is not a single, well-defirpeak in the
spectrum. Instead there is a broad peak in theygrspectrum
extending over this entire range. The dynamic dioption
factor may not be insignificant at St = 0.30.

Vortex shedding is most evident from tilt anglesnfr15° to 30°,
but extends down to 10° and up to 45°. To avoidtation under
such a mechanism it is recommended that in ardgsroe to
hurricane-force winds, the torsional natural fraggyeof the solar
array should be greater than 5 Hz. This advicesed on the
risk of modal excitation due to buffeting. It istradear that a

5 Hz natural frequency would prevent vortex locleirtorsional
galloping as detailed in Rohr et al. (2014) anccdbed below.

Instability in solar single axis trackers

Long ground-mounted solar racking systems thaktvadth a
single axis typically have a central drive systeiththe
remainder of the supports along the length fixeb@ation, but
allowed to freely rotate, Figure 5. A number oflsggstems with
rotational natural frequencies in excess of 1 Hehexperienced
significant dynamic excitation with rotations inoess of +60°
along the length. With a fixed central restraihg tdynamic
response is purely torsional.

Figure 5: Typical solar tracking ground mountecggrr

The instigation of any dynamic response of flexitieictures is
highly dependent on the stability of the vortexdiieg process.
To instigate instability, a fixed point of sepacatj such as the
leading edge, or the torque tube, can instigabecauating
differential pressure that can excite a structuith lw torsional
stiffness. Once the structure starts to rotatesarrant self-
exciting mechanism can develop as illustrated gufé 6.

This instigation of this unsteady mechanism is deeat on the
initial position of the solar panel, torsional &tédss, and
geometry. The excitation mechanism is somewhatairo
bridge dynamics and the torsional flutter derivativ

A parametric fluid-structure CFD study has been cotetl on a
range of solar panel geometries with differentcttrtal dynamic
properties to compare the results with flutter ehives derived
for bridges. From the initial position the responé¢he system
can either diverge, decay, or stay in equilibriumsdxd on the
total damping of the system, mechanical and aermayn



t=0.84s
Figure 6: CFD images for flow over 2d representatibsolar array

t=1.165s

The single degree of freedom torsional bridge diutterivative is
A, defined as:
. 212+ pwg)
A =——F—
pb*w

Where | is the mass moment of inerfids overall response
damping of systent, is the rotational structural damping, is
the rotational natural frequenqyis air density, b is chord
length, andv is the response rotational natural frequency. The
values ofA andw are extracted from the results of the parametric
study.

The relationship between the bridge flutter deiixsatind
reduced velocity, \Mb-b, is shown in Figure 7 and Figure 8. It is
evident that a divergent response for samples avitduced
velocity greater than 8 is prevalent, however thdr derivative
for lower reduced velocities does not allow forwete
description of whether the response of the solaepaill be
stable or otherwise. The lack of collapse of daggsests that
these are not the correct non-dimensional paramgethis
excitation mechanism.
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Figure 7: Flutter derivative with reduced velodity all data

Other Cases

As well as the above, there are other cases wheued of
structural members has occurred due to resonagtéadf
isolated and groups of structural elements duratatively low
wind speeds such as sun-shading pergolas.

Long truss elements with natural frequencies ireesof 1 Hz,
are also sensitive to resonant excitation througrtex shedding.
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Figure 8: Flutter derivative for low reduced vetgci

Conclusions

It is evident from the above that there are distcasses where
wind-induced dynamic response occurs for structuwith a

natural frequency greater than 1 Hz predominantly t vortex
shedding or interference effects.

It is recommended that a clause is included inSkendard to
clarify to users that for lightweight structuraksients, there is
the potential for significant wind-induced dynannésponse for
relatively long prismatic elements either in ismator in arrays
of similar elements.
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