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Abstract

A formulation for eliminating beat effects by using additional lumped
masses or/and changing damping coefficients is presented in the paper.
The Rayleigh’s model of viscous damping, being a linear combination of
the system mass and stiffness parameters, is adopted in the equations of
motion. As an example, a truss dome system, treated as a lattice shell, is
considered. Input data of geometrical and material properties, as well as of
an assumed impulse excitation, are given. Numerical results are verified
alternatively by the mode superposition method and direct step-by-step
integration one. Analytical and computational aspects of the problem at
hand are discussed and compared through obtained illustrative results. It is
turned out that, for such a class of structures, the application of lumped
masses should be much more efficient rather than the change of damping
properties.

Keywords: dynamics, damping, beat, finite element.

Eliminacja efektéow dudnienia
w konstrukcjach za pomoca
dodatkowych mas

Streszczenie

W pracy przedstawiono sformulowanie eliminacji efektoéw dudnienia
poprzez dodatkowe masy skupione i zmiany thumienia w dynamice
konstrukcji.  Zagadnienie  dyskretyzowano w  ramach  modelu
przemieszczeniowego metody elementéw skonczonych. Otrzymano uktad
rownan ruchu o wielu stopniach swobody. Z uwagi na zlozony uktad
konstrukcyjny w analizie wykorzystano macierz ttumienia Rayleigh’a,
bedaca liniowa kombinacja sztywnosci i masy. Dla przyktadowej kopuly
kratowej opisano materiatowe i geometryczne dane wejsciowe oraz
przyjeto obcigzenie dynamiczne typu naglego uderzenia. W celu
zweryfikowania poprawnosci wynikow sprawdzono uktad alternatywnie
dwiema metodami - catkowania bezpos$redniego i superpozycji modalnej.
Aspekty  konstrukcyjne i komputerowe rozpatrywanego uktadu
przedyskutowano szczegétowo poprzez ilustrujace wyniki liczbowe.
Wykazano, ze zastosowanie dodatkowych mas znacznie efektywniej
redukuje dudnienie niz thumienie.

Stowa kluczowe: dynamika, tlumienie, dudnienie, element skonczony.
1. Introduction

A tendency to create structures with amazing shapes, which
cross the barriers of height, span and slender can be seen in civil
engineering presently. These modern and slim forms strike with
an amazing impression but slenderness makes them much more
sensitive with respect to their parameters. It is essential to consider
these dynamic loads at the designing stage, because increasing
cross-sectional area undoubtedly beneficial from the point of view
of load the capacity of structure can cause magnifying
displacement under dynamic load.

The goal of this work is supposed to be dynamic analysis of the
dome and during the research of dynamic loads the beat
phenomenon that means periodic changes of amplitude due to

an interference between two vibrations with slightly different
frequencies is observed. The beat phenomenon is eliminated
in two ways - by using dampers and by added lumped mass. It
turns out that the latter is significantly effective in this case.

2. Beat and damping phenomena

It is commonly known that the beat is observed in many
vibration kinds. Lets consider two harmonic vibrations with the
same amplitude A4 and almost equal frequencies ®; and ®,. Their
equations of motion can be written respectively as

q,(t)=Asinwt; q,(t)= Asinw,t )

so that

w, + 0, ; (2)

4(t) = q,(t) + ¢, (t) = 2 Acos ;“5 tsin

The arising vibration has the frequency which is an arithmetic
average from o, and ®, but the amplitude changes with time
periodically, creating such an envelope.

On the other hand, damping in a structure is very difficult to
describe and there is a problem to take it into consideration not
only in numerical modelling and computations. The main reason
of this situation is that many sources of damping have influence
on structural response. In dynamics a few types of energy loss are
distinguished by the characteristics of structural materials,
geometry discontinuities and/or surrounding media related to
aerodynamics, hydrodynamics, electrodynamics, acoustics and
radiation damping, for instance. Also, magnetic and thermal
effects or atomic reconstruction have influence of dissipating
energy too. As damping is one of the most sophisticated topics in
engineering, for years scientists have tried to describe this
phenomenon and make models which can accurately describe
reality. Three damping models may be classified [4]:

1. Viscous Damping — damping force F, is directly proportional to

the velocity, i.e.

F,=cq 3)

where c is viscous damping constant with displacement ¢ . The
equation of motion for a single degree of freedom takes form

mg+cq+kq=0 4)
Energy loss in a cycle of the vibration can be adopted as
_ 2
AE = ncwA 5)

with @ being the natural frequency and 4 the displacement
amplitude.
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2. Hysteretic Damping — F; is independent of the frequency and
proportional to the displacement when the velocity is different
from zero. Taking / as hysteretic damping constant, damping
force under steady state excitation reads [4]

Fy = sign(g)habs(q) (6)

Energy loss in the cycle of the vibration can be then presented
as

AE = nhA? 7
3. Coulomb Damping provides a constant force
Fy =sign(4)d ®
with d being constant, and equation of motion takes the form
mg + dsign(q) + kg =0 )

This method is characterized by energy loss proportional to the

amplitude and independent of frequencies. This model is simple

in mathematical definition that's why it is often used for
presentation damping effect.

Almost all modern computational programs are recently based
on the finite element method (FEM). When considering complex
structural systems with many degrees of freedom, it is very
difficult or even impossible to describe the problem of damping
using the above models. For that reason some simplifications in
damping models are applied in the text.

Equations of motion in the global coordinate systems can be
written as [1, 5]

My +Cq+Kq=0(1) (10)

where M s 5, and K are mass, damping and stiffness matrices,
respectively. In this paper for the sake of simplicity the damping
terms are assumed as a linear combination of the mass and
stiffness terms, so that the Rayleigh's damping matrix can be
written as

C=aM + fK, (11)

o and f are the coefficients, obtained in an experimental way.
Solving the differential equation by mode superposition we obtain
set of uncoupled equations. In numerical analysis is input damping
factor A, which can be expresses as [5]

;L:l(ﬁu?azj (12)
2\

3. Structure description — FEM model

Research object is dome presented in Figs. 1. and 2. with its
diameter of 10 m and height of 5 m. The set of bars is designed as
a steel pipe with cross-sectional area 20 cm® and Young’s modulus
205 GPa. The whole structure is modeled by 3D truss element
in number — 81. The total number of system degrees of freedom is
171. Static analysis is consider for only one vertical force put in
the top of the dome, at node 31 (Fig. 2). Hinged supports are
defined atnodes 1, 3, 5, 7, 9.
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Fig. 1. Structure in front view
Rys. 1. Widok z przodu konstrukcji

Fig.2.  Structure in bird’s eye view — finite element setting
Rys. 2. Widok konstrukcji z lotu ptaka — siatka elementow skonczonych

4. Numerical results

Static analysis is supposed to verify structure’s correct work
and choice of load which can be put in the top of the dome with
the dead-weight ignored. Main subject of the study are
displacements nodes under dynamic excitation. In order to
confirm results the system is computed independently with the aid
of superposition method and direct integration. Since the
outcomes turned out to be well-converged (see Fig. 3.), further
analysis is conducted by the means of the superposition method.

In dynamic analysis we consider the case of a sudden hit of
a significant amount on to the top of the dome. The system is
integrated over 6000 time steps Atz with 0,005 s each. The
eigenproblem is solved for the first 12 eigenpairs and converged
after 14 iterations. We apply the constant vertical impulse of 10°
kN in the top of the dome during 41 seconds.

The progress of vibration at chosen nodes (Fig. 3.) revealed the
existence of beat phenomenon. It is undoubtedly harmful effect.
Because of the symmetry, slightly different circular frequencies
interfere so the amplitude of the vibration changes periodically.
The main aim of this paper became an attempt of beat phenomena
elimination by two methods: using damping and adding inertial
masses.
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Fig. 3. a) Vertical displacement at node 22, b) vertical displacement at
node 31

Rys. 3. a) Pionowe przemieszczenie wezta 22, b) pionowe przemieszczenie
wezta 31

The first way did not give a satisfying effect, because with
damping considered vibration decreased, however an obvious
elimination of beat did not occur. The assumed damping factor is
24=0,01 and /=0,05. Comparison of damped and undamped system
for chosen nodes is presented in Fig. 4.
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Fig.4.  a) Vertical displacement at node 31 with damping factor 0,01,
b) vertical displacement at node 31 with damping factor 0,05

Rys. 4. a) Pionowe przemieszczenie wezta 31 ze wspotczynnikiem thumienia 0,01,
b) Pionowe przemieszczenie wezta 31 ze wspotezynnikiem ttumienia 0,05
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The second method turns out more successful. In the beginning
it seemed that unsymmetrical placement of masses would give the
expected effect yet the computational results showed that such
masses do not interfere in a satisfying way the beat in the
structure. Following an existing engineering solution of a damper
in Taipei 101 building, inertial mass was put centrically in the top
point of the dome. Presentation of time dependent displacement
for system with and without mass is in Fig. 5.

The values of circular frequencies for the undamped system,
with damping and lumped mass are shown in Tab. 1.

Tab. 1. Natural frequencies of the system
Tab. 1. Czgstosci whasne uktadu

Natural frequency, 1/s
Undamped system without added System with added
mass mass
28,06 13,25
28,07 16,92
42,24 16,92
46,2 44,31
46,21 45,59
47,5 45,6
47,51 47,5

Vertical displacement at node 31 [cm]
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Fig. 5. Vertical displacement at the top (node 31) with and without added mass
Rys. 5. Pionowe przemieszczenie wierzchotka (wezet 31), z i bez dodatkowych mas

5. Concluding remarks

Beat effects, so interesting and useful in many engineering
branches such as acoustic, music etc. may stand for an inherent
disadvantages in many structures, these with regular, repeating —
segment geometry in particular. Trial to elimination this
phenomena by using more damping and adding lumped mass give
surprising result. It tuned out that the use of lumped mass
effectively reduces beat effects and it may be used with success in
civil engineering.

6. References

[1] Bathe K.-J.: Finite Element Procedures in Engineering Analysis.
Prentice-Hall, 1982.

[2] Hien T.D.: Wybrane dzialy matematyki w ujgciu komputerowym.
WPS, 1998."

[3] Clough R.W., Penzien J.: Dynamics of structures. McGraw-Hill, 1975.

[4] Spence P.W., Kenchington C.J.: The Role of Damping in Finite
Element Analysis. NAFEMS, 1993.

[5] Weber H., Hien T.D.: Computational analysis of statics and dynamics
of complex structures by finite element method. PAK, Vol. 55, 2009,
357-360.

otrzymano / received: 07.04.2010

przyjeto do druku / accepted: 04.05.2010 artykut recenzowany




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


