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cranesъмAnмexperimentalмstudyмofмfactoringмnonlinearмcharacteristicsмofмdynamicsмmodelмwasмconductedъм
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̄˼̂˿̄˼̀̄̒˼м̃ ˷̉˼̃˷̉˿̎˼̈́˿˼м̃ ̅˻˼̂˿шм˻ ̅̆̊̈́˷̐̕˿˼м̇ ˷˾̇̒˹м̅ ˻̄̅̈̉̅̇̅̄̄˿̌м̈ ˹̖˾˼̀м̃ ˼̌˷̄˿̎˼̈́̅̀м
̈˿̈̉˼̃̒шм˷м̉˷́м˽˼м̋˿˾˿̎˼̈́˿м̄˼̂˿̄˼̀̄̒˼м̈˿̈̉˼̃̒ъм˦̇̅˹˼˻˼̄м̈̇˷˹̄˿̉˼̂̓̄̒̀м˷̄˷̂˿˾м˹̂˿̖̄˿̖м
̇˷˾̂˿̎̄̒̌м̄˼̂˿̄˼̀̄̅̈̉˼̀м̄˷м̆˷̇˷̃˼̉̇̒м́̅̂˼˸˷̉˼̂̓̄̅˺̅м̆̇̅̍˼̈̈˷ъм˧˼˾̊̂̓̉˷̉̒м˿̈̈̂˼˻̅˹˷̄˿̖м
̆̅́˷˾̒˹˷̕ ш̉м̎̉̅м̂˿̄˼˷̇˿˾˷̍˿̖м̄˼̂˿̄˼̀̄̅̀м̃˼̌˷̄˿̎˼̈́̅̀м̈˿̈̉˼̃̒м̆̇˿˹̅˻˿̉м́м˾̄˷̎˿̉˼̂̓̄̒̃м
̅̉́̂̅̄˼̄˿̖̃м́̅̂˿̎˼̈̉˹˼̄̄̒̌м̆˷̇˷̃˼̉̇̅˹м́̅̂˼˸˷̄˿̀м˿м˿̈́˷˽˼̄˿̕м˿̌м̅˸̐˼˺̅м̌˷̇˷́̉˼̇˷ъм˦̇˿м
̔̉̅̃м̆̇˼˻̂˷˺˷˼̃˷̖м̃˷̉˼̃˷̉˿̎˼̈́˷̖м̃̅˻˼̂̓м̆̅́˷˾˷̂˷м̊˻̅˹̂˼̉˹̅̇˿̉˼̂̓̄̊̕м̆̅˺̇˼̏̄̅̈̉̓м̇˷̈̎˼̉˷м
̄˼̂˿̄˼̀̄̒̌м́̅̂˼˸˷̄˿̀ъ
˨˜ˠ˨ˣ˥˨˩˥ˠˡ˥˨˩˳;мˡ˧˗ˤм˚˧˪˞˥˦˥˛˱˜ˣˤ˲ˠ;м˴ˡ˨˦˜˧˟ˣ˜ˤ˩˗ˢ˳ˤ˥˜м˟˨˨ˢ˜щ
˛˥˙˗ˤ˟˜;мˤ˜ˢ˟ˤ˜ˠˤ˗˶м˛˟ˤ˗ˣ˟ˮ˜˨ˡ˗˶мˣ˥˛˜ˢ˳;мˣ˜ˬ˗ˤ˟ˡ˗ъ

Introduction

Currentlyшм calculatingм theм seismicм resistanceмofм
metalмcargoмcraneмstructuresмthatмdoмnotмmakeмupмtheм
equipmentмofмnuclearмpowerмplantsмisмregulatedмbyм[э]м
andм[ю]ъмBothмofмtheseмdocumentsмestablishмpossibleм
methodsм forм analyzingм theм seismicм resistanceмofм aм
structure:мtheмeigenmodeмexpansionмфinмaccordanceм
withмBiotտBeniofօsм responseм spectrumм theoryмofм
seismicмresistanceм[яшм4]хмandмtheмdirectмintegrationм
ofмaм systemмofмdiferentialмequationsъмTheмresponseм

spectrumмtheoryмofмseismicмresistanceмallowsмtoмdeщ
termineмadditionalмseismicмloadsмonмaмstructureмusingм
asм inputмdataм theмsoщcalledмresponseмspectraмofм theм
foundationмofмaмcraneмфaмstructureхмandмtheмmagnitudeм
ofмtheмdesignмbasisмearthquakeмфDBEхъмTheмmethoщ
dologyм ofм calculationsм byм theм responseм spectrumм
theoryмofмseismicмresistanceмwasмdescribedмinм[5]ъмTheм
inputмdataмforмdirectмdynamicalмanalysisмofмaмstructureм
areм eitherм recordedмorм synthesizedм accelerogramsшм
velocigramsшмorмseismogramsмofмearthquakesмandмtheм
DBEмmagnitudeъ
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Inм engineeringмpracticeшм strengthшм stifnessм andм
stabilityмanalysisмofмmetalмstructuresмofмcargoмcranesм
isмtypicallyмperformedмusingмtheмiniteмelementмmetщ
hodмфFEMхъмThereforeшмasмcomputingмpowerмgrowsм
andмcalculationмcostsмareмreducedшмdirectмdynamicalм
methodsм areмbecomingм increasinglyмusedъмSolvingм
diferentialмequationsмbyмnumericalмmethodsмallowsм
toмmoreмaccuratelyмdetermineмtheмdynamicalмcoeiщ
cientsмofмdisplacementsшмstressesмandмstrainsшмandмasм
aмresultшмtoмreduceмtheмmetalмintensityмandмtheмconщ
struction costs of the crane.

Howeverшмtheмaforementionedмregulationsмdoмnotм
provideмeitherмspeciicмguidanceмonмchoosingмdynamщ
icalмmodelsмforмtheмseismicмanalysisмofмcranesшмorмrecщ
ommendationsм onм factoringм inм unilateralм contactsм
фsuchмasмtheмrailщwheelмcontactшмorмhoistмropeхмandмtheм
nonlinearмnatureмofмtheмdeformationмofмtheмsuspendedм
elementsъмThisмgapмinмtheмexplanationsмcanмbeмattribщ
utedмtoмtheмfactмthatмtheмresponseмspectrumмtheoryмofм
seismicм resistanceмhasмbeenмdevelopedм forмbuildingм
structuresшмwhereмsuchмnonlinearitiesмoccurмmuchмlessм
frequentlyм inмmetalм cranesшм andм areм thereforeм notм
takenмintoмaccountмinмtheмcalculationsъмHoweverшмtheseм
factorsмcanмplayмaмveryм signiicantм roleм forмhoistingм
machinesъмTheмproblemмofм takingм intoмaccountм theм
geometricмandмphysicalмnonlinearitiesмinмseismicмcalщ
culations of cargo cranes is being actively discussed 

inмscientiicмcirclesм[6տ8]ъмTheмmathematicalмmodelsм
andмmethodsмoferedмforмsolvingмtheseмproblemsмallowм
for potential bounces of the trolley wheels and the 

craneмonм theм railшм unilateralм contactм ofм theм ropesшм
physicalмnonlinearitiesмofмtheмstructuralмmaterialsшмetcъм
The urgency of the research in this area is due to the 

needмtoмimproveмtheмsafetyмofмhoistingмmachinesмopщ
eratingмinмseismicallyмhazarщdousмzonesъ
Thisмstudyмisмdedicatedмtoмinvestigatingмtheмinluщ

enceмofмphysicalмandмgeometricalмnonlinearitiesмinмaм
dynamicalмsystemмwithмregardмtoмcalculatingмtheмseisщ
micмresistanceмofмcargoмcranesъмTheмultimateмgoalмofм
theмstudyмisмinмdevelopingмrecommendationsмforмtaщ
kingмintoмaccountмtheмnonlinearмpropertiesмofмmetalм
structuresмofмgeneralщpurposeмcargoмcranesмsubjectedм
toм seismicмanalysisъмTheмstudyмconsistedмofм theмexщ
perimentalмpartшмmathematicalм simulationмandм theм
analysis of results.

Experimental setup

Theмexperimentalмmodelмsimulatesмtheмconstrucщ
tionмofмanмoverheadмcraneшмsensingмverticalмoscillaщ
tionsмandмschematizedмasмaмgeometricallyмandмphysщ
icallyм nonlinearм dynamicalм threeщmassм systemъмAм

schematicмforмtheмexperimentalмsetupмisмshownмinмigъм
яъмTheмmainмelementsмofмtheмmodelмareмconventionщ
ally referred to as bridge 3шмtrolleyм4 and weight 6. The 

bridge is secured in hinged supports 1 and 2шмwithмtheм
movableмsupportм2мallowingмtheмbridgeмtoмmoveмinмtheм
direction of its longitudinal axis. Strain gauges 7 are 

ixedмtoмtheмbridgeмatмtheмdistanceмofмaмquarterмofмtheм
spanмfromмtheмsupportsъмTheмtrolleyмisмlocatedмatмtheм
center of the bridge span. The trolley can bounce on 

theмbridgeъм Ifм theм trolleyм separatesм fromмtheмbridgeшм
sensor 8м isм triggeredшм registeringм theмbounceмeventъм
Thusшмtheмexperimentмsimulatesмtheмcontactмbetweenм
theмtrolleyмwheelsмandмtheмrailъмWeightsмэьмandмaccelщ
erometerм9мmeasuringмtheмverticalмaccelerationsмofмtheм
pendantмemergingмduringмoscillationsмareмsecuredмtoм
the trolley. Guide ropes 12шмstretchedмalongмtheмvertiщ
cal axis and passing through special holes in the trolщ
leyшмareмusedмtoмeliminateмtheмswingingмofмtheмtrolleyм
fromм theм verticalм planeъмAмpendantшм referredм toм asм
weightмinмtheмexperimentшмisмixedмtoмtheмtrolleyмbyмaм
lexibleмelasticмsuspensionмelementъмTheмpendantшмasм
wellмasмtheмtrolleyшмisмequippedмwithмanмaccelerometerм
for recording accelerations and with additional caliщ
bratedмweightsъмBeforeмtheмstartмofмtheмexperimentмtheм
wholeмsystemмwasмpulledмdownwardмandмsecuredмusingм
hook 11 mountedмtoмtheмlowerмsuspensionмelementъм
Theмmeasurementsмstartedмatмtheмmomentмwhenмthisм
constraintмwasмremovedмфiъeъшмtheмthreadмconnectingм
the weight to the foundation was cut).

Theмgeneralм characteristicsмofм theмexperimentalм
modelмwereмtheмfollowing:мtheмbridgeмspanмwasмэш5юьм
mm;мtheмbridgeмweightмwasмьш5ьямkg;мtheмmassмofмtheм
suspendedмtrolleyмwithмtheмaccelerometerмandмaddiщ
tionalмweightsмwasмэш9мkg;мtheмmassмofмtheмsuspendedм
pendantм withм theм accelerometerм andм additionalм
weightsмwasмюш6ямkgъ
Inмorderмtoмdetermineмtheмactualмstressщstrainмcurveм

forмtheмstretchedмlexibleмsuspensionмelementшмaмseriesм
ofмmeasurementsмwasмcarriedмoutмforмtheмelongationм
ofмtheмsampleмunderмvariousмloadsъмFigъмюмshowsмaмplotм
forм theм stifnessмofм theмlexibleм suspensionмelementм
versus absolute elongation. The interpolating curve 

is described by the following expression with a conщ
ditional operator:

 

if ;

( ) 3 if 0 ;

0 otherwise,

c xa b e x d

y x C x d

− ⋅ + ⋅ ≥


= ≤ <



              фэх

where a =мьшя4мNыmm;мb =мюш5мNыmm;м̈м=мьшью; 
d =м8юмmm;м ям=мьш87мNыmmъ
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FigъмэъмSchematicмofмtheмexperimentalмsetup:мixedмsupportм1;мmovable
support 2; bridge 3; suspended trolley 4;мlexibleмsuspensionмelementм5;

suspendedмքweightօмpendantм6; strain gauge 7; bounce sensor 8;

accelerometerм9; additional weight 10; hook 11; guide ropes 12

FigъмюъмStifnessмofмtheмlexibleмsuspensionмelementмversusмelongation
фммммммммммммммinterpolationшмտмտмտмexperimentх

Theмresultsмofмtheмexperimentмareмtheмrecordingsм
ofмtheмstrainмgaugeшмtheмbounceмsensorмandмtheмacщ
celerometersъ
Theмexperimentмconductedмdemonstratedмtheмefщ

fectмofмtheмgeometricмфweightмandмtrolleyмbounceхмandм
theмphysicalм фchangeм inм theм stifnessмofм theмlexibleм
suspensionмelementхмnonlinearitiesъ

Mathematical modeling

Inмaccordanceмwithмtheмinputмexperimentalмdataшм
aмnumberмofмmathematicalмmodelsм describingм theм
vibrationsмofм aмdynamicalм threeщmassм systemмwereм
constructedм inмMathCADъмFourмmodelsмwereмdeщ
signed: 1տaмlinearмdynamicalмmodel;м2–a physically 

nonlinearмdynamicalмmodelмtakingмintoмaccountмtheм

Elongationшмmm

StifnessшмNыmm
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actualмnatureмofмtheмtensionмofмtheмlexibleмsuspensionм
element;м 3տaм geometricallyм nonlinearм dynamicalм
modelм takingм intoмaccountм theмpossibilityм thatм theм
weightмmayмbounceмonмtheмlexibleмsuspensionмeleщ
mentмandмtheмtrolleyмmayмbounceмonмtheмbridge;м4–a 

physicallyм andмgeometricallyмnonlinearмdynamicalм
modelъмTheмschematicмforмtheмdynamicalмthreeщmassм
systemмisмshownмinмigъмяъ

FigъмяъмDynamicalмsystemмschematic

TheмmathematicalмmodelsмareмbasedмonмtheмLaщ
grangeмequationмofмtheмsecondмkindшмwhichмhasмtheм
form:

 [ ]{ } [ ]{ } [ ]{ } { },M u C u K u R+ + =           фюх

where [M]мisмtheмmassмmatrixмofмtheмstructureшм[C]мisм
theмdampingмmatrixшм[K]мisмtheмstifnessмmatrix;м{R} 

isмtheмknownмtimeщdependentмvectorмofмtheмexternalм
load;м{u}мisмtheмunknownмtimeщdependentмvectorмofм
massмdisplacementsмinмtheмmodelъ
Theмsystemsмofмdiferentialмequationsмwereмsolvedм

numericallyм inмMathCADмэ4мviaм theмRadauм solverм
whichмusesмtheмeponymousмalgorithmъмTheмprocessм
ofмenergyмdissipationмduringмluctuationsмisмtakenмintoм
account through equivalent viscous friction for all 

mathematicalмmodelsъмTheмcoeicientмofмviscousмfricщ
tionмwasмdeterminedмfromмtheмequalityмconditionмofм
theмdecayмtimesмforмtheмoscillationsмofмtheмexperimenщ
talмandмmathematicalмmodelsъмForмallмofмtheмmatheщ
maticalмmodelsмdescribedмbelowм theм coeicientмofм
equivalent viscous friction was µ = 5 kg /s.

Theмlinearмdynamicalмmodelмisмtheмsimplestмofмallм
theмonesмpresentedъмTheмsystemмofмdiferentialмequaщ

tionsм describesм theм oscillationsм ofм theм dynamicalм
threeщmassмsystemъ

1( ) 1 1 1( ) 2 ( 2( ) 1( ))

1( ) ( 2( ) 1( ))) 1;

2( ) 2 2 ( 2( ) 1( ))

3` ( 3( ) 2( )) ( 2( ) 1( ))

( 3( ) 2( )) 2;

3( ) 3 3` ( 3( ) 2( ))

( 3( )

X t m c X t c X t X t

X t X t X t g m

X t m c X t X t

C X t X t X t X t

X t X t g m

X t m C X t X t

X t

⋅ + ⋅ − ⋅ − +

+ µ ⋅ − µ ⋅ − = ⋅

⋅ + − −

− ⋅ − + µ ⋅ − −

− µ ⋅ − = ⋅

⋅ + ⋅ − +

+ µ ⋅ −


  


 

 


  2( )) 3.X t g m












= ⋅

Here эмisмtheмbridgeмstifnessшмNыmm;м юмisмtheм
stifnessмofмtheмքtrolleyщbridgeօмcontactмpairшмNыmm;м
ямisмtheмequivalentмstifnessмofмtheмlexibleмsuspensionм
elementшмNыmm;мXэфt), Xюфt) and X3(t) are the genщ
eralizedмcoordinatesмofмtheмbridgeшмtheмtrolleyмandмtheм
weightшмrespectivelyшмmm;мmэмisмtheмreducedмmassмofм
theмbridgeшмkg;мmюмandмmямareмtheмmassesмofмtheмtrolщ
leyмandмtheмweightшмincludingмtheмaccelerometersшмkg;м
gмisмaccelerationмofмfreeмfallшмmmыsю; µ isмtheмcoeicientм
ofмviscousмfrictionшмkgыsъ
Theм stifnessмofм theмlexibleм suspensionмelementм

c3(t) is in this case taken to be constant. The greatest 

oscillationмtimeмisмinмtheмlinearмnonщzeroмsegmentмofм
theмcurveмshownмinмigъмю;мhoweverшмtheмstifnessмofмtheм
lexibleмsuspensionмelementмforмtheмinitialмtimeмisмcalщ
culatedмfromмEqъмфэхъмTheмequivalentмstifnessмusedм
duringм theм physicalм linearizationм ofм theмmodelм isм
taken as the average of the above values:

( 2(0) 3(0)) 3
3` 0,68,N / mm.

2

y X X C
C

− +
= =

Systemмфяхмwasмsolvedмwithмtheмfollowingмinitialм
conditions:

1(0) 0,mm / s;

2(0) 0,mm / s;

3(0) 0,mm / s;

1(0) 69,3mm ;

2(0) 69,3mm ;

3(0) 188,2mm.

X

X

X

X

X

X

 =


=
 =


= −
 = −


= −





Inм thisм studyм theмgeometricм linearityмwasм repreщ
sentedмbyм theм soщcalledмbucklingмconstraintsъмThisм
meansмthatмtheмcюмandмcямstifnessesмonlyмexperiencedм
uniaxialм tensionъмOtherwiseшм theм stifnessesм vanishм
andмdoмnotмcreateмreactionмforcesмafectingмtheмoscilщ
lationмprocessъмAtмtheмsameмtimeшмgivenмtheмspeciicsм

(3)

(4)
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ofм theмexperimentalмsetupшм theмdissipativeмelementsм
retain their functions for any values of the relative 

displacementsмofм theмmassesмwithм respectм toм eachм
other.

Theмvariableмstifnessмisмrepresentedмinмtheмmatheщ
maticalмmodelмasмaмcontinuousмdiferentiableмfunction:

( )ф х = arctg        ш  
2

C C
c x x k⋅ +

π

where CмisмtheмmaximumмconstantмstifnessшмNыmm;м
kм isм theм coeicientм determiningм theм slopeм ofм theм
function.

Theмsystemмofмdiferentialмequationsмdescribingмaм
geometricallyмlinearмdynamicalмsystemмhasмtheмform:

1( ) 1 1 1( ) 2( ) ( 2( ) 1( ))

1( ) ( 2( ) 1( ))) 1;

2( ) 2 2( ) ( 2( ) 1( ))

3( ) ( 3( ) 2( )) ( 2( ) 1( ))

( 3( ) 2( )) 2;

3( ) 3 3( ) ( 3( ) 2( ))

X t m c X t c t X t X t

X t X t X t g m

X t m c t X t X t

c t X t X t X t X t

X t X t g m

X t m c t X t X t

⋅ + ⋅ − ⋅ − +

+ µ ⋅ − µ ⋅ − = ⋅

⋅ + ⋅ − −

− ⋅ − + µ ⋅ − −

− µ ⋅ − = ⋅

⋅ + ⋅ − +

+


  


 

 


( 3( ) 2( )) 3;

2 2
2( ) arctg(( 1( ) 2( )) )

2

3` 3`
3( ) arctg(( 2( ) 3( )) ) ,

2

X t X t g m

C C
c t X t X t k

C C
c t X t X t k











 µ ⋅ − = ⋅

 = ⋅ − ⋅ + π

 = ⋅ − ⋅ +

π

 

where kм=мэьььмisмtheмdimensionlessмslopeмcoeicientм
ofмtheмstifnessмfunctionъ
Systemмф6хмwasмsolvedмwithмtheмfollowingмinitialм

conditions:

1(0) 0, mm / s;

2(0) 0,mm / s;

3(0) 0,mm / s;

1(0) 69,3,mm;

2(0) 69,3,mm;

3(0) 188,2,mm;

2(0) 10000,N / mm;

3(0) 0,68,N / mm.

X

X

X

X

X

X

c

c

 =


=
 =
 = −


= −
 = −


=
 =





Theм relativeм stifnessмofм theмlexibleм suspensionм
elementмunderмgeometricмlinearizationмofмtheмmodelм
isмsimulatedмaccordingмtoмEqъмфэхшмtheмdiferenceмbeingм
thatмtheмargumentмofмtheмfunctionмisмtheмabsoluteмvalueм
ofмtheмargument:

 
if ;

( )
3 otherwise.

c x
a b e x d

yd x
C

− ⋅+ ⋅ ≥
=              (8)

Theмsystemмofмdiferentialмequationsмdescribingмaм
physicallyмnonlinearмsystemмhasмtheмform:

1( ) 1 1 1( ) 2 ( 2( ) 1( ))

1( ) ( 2( ) 1( ))) 1;

2( ) 2 2 ( 2( ) 1( ))

3( ) ( 3( ) 2( )) ( 2( ) 1( ));

( 3( ) 2( )) 2;

3( ) 3 3( ) ( 3( ) 2( ))

( 3

X t m c X t c X t X t

X t X t X t g m

X t m c X t X t

c t X t X t X t X t

X t X t g m

X t m c t X t X t

X

⋅ + ⋅ − ⋅ − +

+ µ ⋅ − µ⋅ − = ⋅

⋅ + ⋅ − −

− ⋅ − + µ ⋅ −

− µ⋅ − = ⋅

⋅ + ⋅ − +

+ µ⋅


  


 

 



( 1( ) 2( ))

( ) 2( )) 3;

if 1( ) 2( ) ;
3( )

3 otherwise.

c X t X t

t X t g m

a b e X t X t d
c t

C

− ⋅ −











 − = ⋅

 + ⋅ − ≥

=




Systemмфэяхмcanмbeмsolvedмwithмtheмfollowingмinitialм
conditions:

1(0) 0, mm / s;

2(0) 0, mm / s;

3(0) 0, mm / s;

1(0) 69,3, mm;

2(0) 69,3, mm;

3(0) 211,6, mm;

3(0) ( 2(0) 3(0)), N / mm.

X

X

X

X

X

X

c yd X X

 =


=
 =

= −
 = −


= −
 = −





Theмgeometricallyмandмphysicallyмnonlinearмmathщ
ematicalмmodelмcontainsмallмofмtheseмtypesмofмnonlinщ
earitiesшмandмisмdescribedмbyмaмsystemмofмdiferentialм
equations:

1( ) 1 1 1( ) 2( ) ( 2( ) 1( ))

1( ) ( 2( ) 1( ))) 1;

2( ) 2 2( ) ( 2( ) 1( ))

3( ) ( 3( ) 2( )) ( 2( ) 1( ));

( 3( ) 2( )) 2;

3( ) 3 3( ) ( 3( ) 2( ))

X t m c X t c t X t X t

X t X t X t g m

X t m c t X t X t

c t X t X t X t X t

X t X t g m

X t m c t X t X t

⋅ + ⋅ − ⋅ − +

+ µ ⋅ − µ ⋅ − = ⋅

⋅ + ⋅ − −

− ⋅ − + µ⋅ −

− µ ⋅ − = ⋅

⋅ + ⋅ − +

+


  


 

 


( 1( ) 2( ))

( 3( ) 2( )) 3;

2 2
2( ) arctg(( 1( ) 2( )) ) ;

2

if ( 1( ) 2( )) ;

3( ) 3 f 0 ( 1( ) 2( )) ;

0 otherwise.

c X t X t

X t X t g m

C C
c t X t X t k

a b e X t X t d

c t C i X t X t d

− ⋅ −












µ⋅ − = ⋅

 = ⋅ − ⋅ +

π
 + ⋅ − ≥
 = < − <



 

ф6х

(7)

ф9х

(5)

фэьх

фээх
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Systemмфээхмcanмbeмsolvedмwithмtheмfollowingмiniщ
tial conditions:

1(0) 0, mm / s;

2(0) 0, mm / s;

3(0) 0, mm / s;

1(0) 69,3, mm;

2(0) 69,3, mm;

3(0) 211,6, mm;

2(0) 10000, N / mm;

3(0) ( 2(0) 3(0)), N / mm.

X

X

X

X

X

X

c

c y X X

 =


=
 =
 = −


= −
 = −


=
 = −





Analysis of the results

Asмpreviouslyмstatedшмtheмfollowingмparametersмofм
theмsetupօsмoscillationsмwereмrecordedмduringмtheмexщ
periment:
эхмstressesмonмtheмsurfaceмofмtheмrodмinмtheмpointsм

where the strain gauges were attached;

юхмtheмverticalмaccelerationsмofмtheмtrolley;
3) the vertical accelerations of the weight;

4хмtheмseparationмofмtheмtrolleyмfromмtheмbridgeъ
Weмshouldмnoteмthatмinмthisмcaseшмtheмstressesмregщ

istered by the strain gauges are directly proportional 

toмtheмdisplacementsмofмtheмcentralмpointмofмtheмbridgeм
spanъмFigsъм4տ6мshowмcomparativeмplotsмforмtheмdisщ
placementsмofмtheмcentralмpointмofмtheмbridgeшмandмtheм
accelerations of the trolley and the weight during 

oscillations.

Inмviewмofмtheмrequirementsмofмengineeringмanalyщ
sisшмweмcomparedмtheмexperimentalмresultsмwithмtheм
analyticalмcalculationsмbyмtheмfollowingмparameters:
●м theмamplitudeмofм theмirstмwaveмofмbridgeмdisщ

placementмoscillationsмA;
●мtheмdurationмofмtheмbounce;
●мtheмamplitudeмofмtheмtrolleyмaccelerationмoscilщ

lationsмexcludingмtheмirstмhalfщwave;
●мtheмamplitudeмofмweightмaccelerationмoscillationsм

excludingмtheмirstмhalfщwaveъ
Theмresultsмofмtheмcomparisonмofмdiferentмmathщ

ematicalмmodelsмwithмtheмexperimentalмdataмareмlisщ 
ted in Table.

Figъм4ъмBridgeмdisplacementsмversusмtime:мммммммммммммммexperiment;м.............мmodel
(a տмphysicallмandмgeometricallмnonlinear;мbмտмgeometricallмnonlinear;мc – physicall

nonlinear; d – linear)
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Figъм5ъмTrolleyмaccelerationsмversusмtime:м мexperiment;мъъъъъъъъъъъъъмmodelфa – physicall

andмgeometricllмnonlinear;мbмտмgeometricallмnonlinear;мc – physicall nonlinear; d – linear)

Figъм6ъмWeightмaccelerationsмversusмtime:м мexperiment;мъъъъъъъъъъъъъмmodelмфa – physicall

andмgeometricllмnonlinear;мbмտмgeometricallмnonlinear;мc – physicall nonlinear; d – linear)
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Itмisмevidentмfromмtheмresultsмofмtheмstudyмthatмtheм
nonlinearмmathematicalмmodelм bestм describesм theм
oscillationsмofмtheмexperimentalмsetupъмTheмlinearizaщ
tionмofмtheмmodelмleadsмtoмaмsigniicantмdeviationмinм
theмcriteriaмforмcomparingмtheмmodelsмandмchangesм
theмbehaviorмofмtheмoscillatoryмprocessмinмtheмsystemъм
Withoutмaмdoubtшмtheмseismicмcalculationмofмaмcraneм
isмnotмtheмmostмaccurateмtypeмofмanalysisмsinceмitм isм
impossibleмtoмpredictмtheмinputмefectъмThereforeшмthisм
calculationмshouldмbeмcarriedмoutмwithмaмsafetyмmarginшм
withмsomeмresultsмdeliberatelyмsetмtooмhighъмTheмchoiceм
ofмtheмmathematicalмmodelмandмitsмlinearizationмareм
of interest. Let us consider the options for linearizing 

theмmathematicalмmodelмusedмforмcalculatingмtheмseisщ
micмstabilityмofмtheмcargoмcraneшмbasedмonмtheмresultsм
ofмtheмexperimentalмstudyъ
Steelмwireмropesмusedмinмhoistingмequipmentмoftenм

haveмstifnessesмsigniicantlyмhigherмthanмthatмofмtheм
crane structure. The safety factor adopted for the 

ropes is usually in the range of values nм=м4ъъъю5м[9]м
dependingмonмtheмoperationмmodeмofмtheмcraneшмtheм
purposeмofмtheмropeшмandмotherмcharacteristicsмofмtheм
particularм installationъмAsм shownм inмRefъм [эь]шм theм
nonlinearмpropertiesмofмtheмropesмmanifestмthemselvesм
at relatively high loads with respect to the breaking 

forceшмifмtheмsafetyмfactorмisмcloseмtoмяъмInмviewмofмtheм
aboveшмmodelingмtheмnonlinearмpropertiesмofмsteelмwireм
ropesмwhileмcalculatingмtheмseismicмresistanceмofмgenщ
eralщpurposeмcargoмcranesм inм theмabsenceмofм addiщ
tionalмrequirementsмforмtheмcalculationмaccuracyмcanм
beмdeemedмinefectiveъ
Geometricмlinearizationмofмtheмmodelмinмthisмstudyм

ledмtoмanмoverestimationмofмallмevaluationмcriteriaшмandм

theмbehaviorмofмtheмoscillationsмinмtheмsystemмchangedм
to a large extent.

Constructingмaмphysicallyмandмgeometricallyмnonщ
linearмmodelмofм aм cargoмcraneм isмnotм economicallyм
feasibleъмAмprojectмdesignerмdoesмnotмrequireмtheмbulkм
materialм ofм theм supportingм structuresм toмbeмphysiщ
callyмnonlinearшмsinceмtheмsituationмwhenмtheмcalcuщ
latedм stressesм inм theмmetalм areм locatedм inм theмyieldм
regionмisмinadmissibleъмModelingмtheмnonlinearмpropщ
erties of steel wire ropes is also infeasible for the reaщ
sonsмdescribedмaboveъмHoweverшмgeometricмlinearizaщ
tion of the crane structure would unreasonably 

increase the safety factors that would in turn increase 

the overall costs of the crane.

Conclusions

Theмfollowingмconclusionsмcanмbeмreachedмfromм
the results of the study conducted:

Theмexperimentalмstudyмhasмshownмthatмphysicalм
andмgeometricalм linearizationмofм theмmathematicalм
modelмdescribingмtheмprocessмofмfreeмdampedмoscilщ
lationsмofмaмdynamicalмthreeщmassмsystemмcausesмtheм
calculatedмdisplacementsмandмaccelerationsмtoмdeviateм
fromмtheмtrueмvaluesмbyмээсщ67съ
Physicalмlinearizationмofмtheмstifnessмofмhoistмropesм

isмtheмmostмpreferableмfromмtheмstandpointмofмlaborм
costsмandмfeasibilityшмasмitмhasмnoмsigniicantмimpactм
onмtheмresultмofмtheмdynamicalмanalysisъ
Itмcanмbeмconcludedмfromмtheмresultsмofмtheмstudyм

thatм unilateralм constraintsм фsteelм wireм ropesшм theм
wheelщrailм contactхм shouldм beм takenм intoм accountм
whenмcalculatingмtheмseismicмresistanceмofмgeneralщ
purposeмhoistingмequipmentъ

Table

Parameter

Amplitudeмofмbridgeм
displacements

Amplitudeмofмtrolleyм
accelerations

Amplitudeмofмweightм
accelerations

Bounce duration

Valueшм
mm

Deviationшм
с

Valueшм
mыsю

Deviationшм
с

Valueшм
mыsю

Deviationшм
с

Valueшм
s

Deviationшм
с

Experiment
Nonlinearмmodel
Linearмgeometry
Linearмstifness
Linearмmodel

86шя
86ш4
96шя
76шэ
76ш5

–

ьшэ
ээш6
щээш8
щээш4

э7ш8
ююшю
юэш8
э6шэ
эяшя

–

ю4ш7
ююш5
щ9ш6
щю5шя

э8ш8
э8ш9
яэш4
ю7ш5
ю7ш5

–

ьш5
67шь
46шя
46шя

ьшь6
ьшь65
ьшэ46
ьшья8
ьшьюя

–

8шя
э4яшя
щя6ш7
щ6эш7
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