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RoadmapRoadmapRoadmapRoadmap

Introduction motivation and backgroundIntroduction motivation and backgroundIntroduction, motivation and background Introduction, motivation and background 
research research –– JoelJoel
Experimental setupExperimental setup BrandonBrandonExperimental setup Experimental setup –– BrandonBrandon
Results and conclusion Results and conclusion -- TylerTyler
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IntroductionIntroductionIntroductionIntroduction

Bolted lap joints are very commonBolted lap joints are very common
Damaged joints exhibit complex nonlinear behaviorDamaged joints exhibit complex nonlinear behavior
Useful to be able to model the dynamicsUseful to be able to model the dynamics
Validate a low order model of the joint and beamsValidate a low order model of the joint and beamsValidate a low order model of the joint and beamsValidate a low order model of the joint and beams
Modeled joint has gap that simulates damageModeled joint has gap that simulates damage
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MotivationMotivationMotivationMotivation

Buildings, aircraft, robots,Buildings, aircraft, robots,Buildings, aircraft, robots, Buildings, aircraft, robots, 
bridges, etc… use bolted bridges, etc… use bolted 
jointsjoints
Damaged joint model could Damaged joint model could 
be useful in extending be useful in extending 
service lifeservice life
–– Could mitigate effects of Could mitigate effects of 

damagedamage ↔↔ controlcontroldamage damage ↔↔ controlcontrol
Low order model = low costLow order model = low cost
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Background ResearchBackground ResearchBackground ResearchBackground Research
Microslip and macroslip Microslip and macroslip 
researchresearch
–– Microslip Microslip –– parts of the joint parts of the joint 

interface slipinterface slip
M liM li ti j i t liti j i t li

*

–– Macroslip Macroslip –– entire joint slipsentire joint slips
–– Contributes significantly to the Contributes significantly to the 

damping of the systemdamping of the systemdamping of the systemdamping of the system
Sandia Sandia -- Lower order Iwan Lower order Iwan 
models to study microslip models to study microslip y py p
and macroslipand macroslip
Others Others -- Larger (7000) DOF Larger (7000) DOF 

*
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finite element modelsfinite element models * Figures from Pratt and Pardoen



Background ResearchBackground Researchgg

Moloney, Peairs and RoldanMoloney, Peairs and Roldanyy
–– Lower order finite element model Lower order finite element model 

with bristle frictionwith bristle friction
–– Damping is a function of input Damping is a function of input 

*

amplitudeamplitude
Others Others -- found power law found power law 
between excitation and energy between excitation and energy gygy
loss, exponent between 2 and 3loss, exponent between 2 and 3
None of the research covered None of the research covered 
the extreme wear/damage thatthe extreme wear/damage thatthe extreme wear/damage that the extreme wear/damage that 
Barhorst includes in the modelBarhorst includes in the model
Collins, Nothnagel, and Pretko Collins, Nothnagel, and Pretko 
started to look at the problemstarted to look at the problem

*
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Analytical ModelAnalytical ModelAnalytical ModelAnalytical Model
Developed using variational approach of GibbsDeveloped using variational approach of Gibbs--AppellAppellp g ppp g pp pppp
Low order model (9 DOF)Low order model (9 DOF)
–– 3 DOF per flexible body = 6 DOF3 DOF per flexible body = 6 DOF
–– 3 DOF for rigid body motion of outer beam3 DOF for rigid body motion of outer beam3 DOF for rigid body motion of outer beam3 DOF for rigid body motion of outer beam

No penalty methods or coefficients of restitution for No penalty methods or coefficients of restitution for 
constraintsconstraints
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Analytical ModelAnalytical ModelAnalytical ModelAnalytical Model
17 motion regimes17 motion regimesgg
–– Sticking/slipping with 1 contact point (1, 2, 3, 4)Sticking/slipping with 1 contact point (1, 2, 3, 4)
–– Sticking/slipping with 2 contact points (1Sticking/slipping with 2 contact points (1--3, 13, 1--4, 24, 2--3, 23, 2--4)4)
–– Free flightFree flightgg

Different regimes have different number of DOFDifferent regimes have different number of DOF
Transfer momentum when contact regime changes (54 Transfer momentum when contact regime changes (54 
equations!)equations!)equations!)equations!)
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Parameter IdentificationParameter IdentificationParameter IdentificationParameter Identification
Parameters to identify:Parameters to identify:
–– DampingDamping
–– StiffnessStiffness
–– InertiaInertia

MM–– MassMass
–– LengthLength

Modal tests for damping identificationModal tests for damping identification
Transform to model spaceTransform to model spaceTransform to model spaceTransform to model space
Inertia was found using ABAQUSInertia was found using ABAQUS
Values used as a starting pointValues used as a starting point
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SimulationSimulationSimulationSimulation
FORTRAN program running FORTRAN program running 

d C id C iunder Cygwinunder Cygwin
Varied parameters:Varied parameters:

–– DampingDamping
Energy loss due to impactEnergy loss due to impact–– Energy loss due to impactEnergy loss due to impact

–– Forcing frequency and amplitudeForcing frequency and amplitude
–– Gap widthGap width

Discrete sine and sine chirp p
input force
Outputs:

Analyzed resulting data with 
M tl b
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ExperimentExperimentExperimentExperiment

Test apparatusTest apparatusTest apparatusTest apparatus
SensorsSensors
C t t d t tiC t t d t tiContact detectionContact detection
ExcitationExcitation
Data acquisitionData acquisition
ObservationsObservationsObservationsObservations
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Test ApparatusTest ApparatusTest ApparatusTest Apparatus
Cantilevered beamCantilevered beam
JointJoint
Loose beamLoose beam
Aluminum platesAluminum plates
“Damage”“Damage”
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SensorsSensorsSensorsSensors

3 Accelerometers3 Accelerometers3 Accelerometers3 Accelerometers
2 Strain gauges2 Strain gauges
1 Force transducer1 Force transducer1 Force transducer1 Force transducer
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Contact DetectionContact DetectionContact DetectionContact Detection

Copper strips atCopper strips atCopper strips at Copper strips at 
contact pointscontact points
RC circuitRC circuit
Simple on/off signalSimple on/off signal
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ExcitationExcitationExcitationExcitation

ShakerShakerShakerShaker

Sine wave excitationSine wave excitationSine wave excitationSine wave excitation
–– Constant amplitude/ Constant amplitude/ 

constant frequencyconstant frequency
–– Constant amplitude/ Constant amplitude/ 

frequency chirpfrequency chirp
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Data AcquisitionData AcquisitionData AcquisitionData Acquisition

10 Input channels10 Input channels10 Input channels10 Input channels
Preliminary data Preliminary data 
examinationexamination
Numerical analysis Numerical analysis 
software to compare software to compare pp
experimental data experimental data 
with simulation datawith simulation data
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Observation 1Observation 1Observation 1Observation 1
Gap width affects Gap width affects 
nonlinearitiesnonlinearitiesnonlinearitiesnonlinearities
Smaller gap causes more Smaller gap causes more 
linear responselinear responsepp
Larger gap allows for more Larger gap allows for more 
freedomfreedom
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Observation 2Observation 2Observation 2Observation 2
Input amplitude Input amplitude p pp p
greatly affects greatly affects 
nonlinearitynonlinearity
S ll li dS ll li dSmall amplitude Small amplitude 
causes loose beam to causes loose beam to 
stick on boltsstick on boltsstick on boltsstick on bolts
Large amplitude Large amplitude 
causes more causes more 
movement of loose movement of loose 
beambeam
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Observation 3Observation 3Observation 3Observation 3

Contact point 3 notContact point 3 notContact point 3 not Contact point 3 not 
responding as responding as 
expectedexpected
Possible friction Possible friction 
problems in slot for problems in slot for 
boltbolt
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ResultsResultsResultsResults

Nonlinear system = qualitative match onlyNonlinear system = qualitative match onlyNonlinear system = qualitative match onlyNonlinear system = qualitative match only
Time domain visual analysis (amplitudes)Time domain visual analysis (amplitudes)
F d i l iF d i l iFrequency domain analysisFrequency domain analysis
Contact point history and histogramContact point history and histogram
Sine chirpSine chirp
Wavelet analysisWavelet analysisWavelet analysisWavelet analysis
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Time Domain AnalysisTime Domain Analysis -- AccelerationAccelerationTime Domain Analysis Time Domain Analysis AccelerationAcceleration

Not best for nonlinear Not best for nonlinear 
Simulation Experiment

analysisanalysis
Capture peaksCapture peaks
More energy in simulationMore energy in simulation

Simulation ExperimentSimulation Experiment
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Power SpectrumPower Spectrum -- AccelerationAccelerationPower Spectrum Power Spectrum AccelerationAcceleration
Only good for periodic signalsOnly good for periodic signals
Shows nonlinearities via super Shows nonlinearities via super 
and sub harmonicsand sub harmonics
Frequency content matches wellFrequency content matches well
Power off by order of magnitudePower off by order of magnitude
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Time Domain AnalysisTime Domain Analysis -- StrainStrainTime Domain Analysis Time Domain Analysis StrainStrain
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Power SpectrumPower Spectrum -- StrainStrainPower Spectrum Power Spectrum StrainStrain
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Contact PointContact PointContact PointContact Point
Best matchBest match
Sh h i hi d iSh h i hi d iShows the switching dynamics Shows the switching dynamics 
work wellwork well
Skew in experimental data Skew in experimental data 
from friction and joint geometryfrom friction and joint geometryj g yj g y

Simulation Experiment
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Sine ChirpSine ChirpSine ChirpSine Chirp
Frequency Range:  5 – 60 Hzq y g
Total Time:  4 mins.
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Wavelet AnalysisWavelet AnalysisWavelet AnalysisWavelet Analysis
Simulation Experiment

Overall shape of first 3 levels goodOverall shape of first 3 levels good
Frequency content goodFrequency content good
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Amplitudes offAmplitudes off



Simulation AnimationSimulation AnimationSimulation AnimationSimulation Animation
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ConclusionConclusionConclusionConclusion

Low order modelLow order modelLow order modelLow order model
Parameter identificationParameter identification
Experiment setupExperiment setupExperiment setupExperiment setup
Positive results given extent of Positive results given extent of 
nonlinearitiesnonlinearities
Can handle the switching dynamics Can handle the switching dynamics 
caused by impactcaused by impact
Damping and energy loss still a problemDamping and energy loss still a problem
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Questions?Questions?Questions?Questions?
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