Rapid Impact™ Testing
of
Any Size Structure

Brian Schwarz, Mark Richardson
Vibrant Technology, Inc.
Centennial, Colorado

Click here to download a Zip of these PowerPoint slides

MFPT 2019 May 14-16
King of Prussia, PA

1%Vibrant

TECHNOLOGY



http://papers.vibetech.com/PPT_PDFs/Paper75.zip

Topics of this Presentation

» Limitations of Single Reference Modal Testing
» Simulated Rapid Impact™ Test
» Modal Residues => Mode Shapes

* First Law of Modal Analysis (1t LoMA): Any object with mass & elasticity will vibrate
» Second Law of Modal Analysis (2" LoMA): Forces cause vibration

 Third Law of Modal Analysis (3" LoMA): All vibration is a summation of mode shapes
* Fourth Law of Modal Analysis (4" LoMA): All modes are excited at all frequencies
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Modal Parameters from a Roving Impact Test

Modal parameters are extracted by curve fitting a set of FRFs calculated from a roving impact test

» Limitation #1: Mode shape points &
directions (DOFs) are defined by the impact
points & directions (DOFs)

» Limitation #2: The response sensor must
remain fixed throughout the test

» Limitation #3: To test a large structure, a
long wire is required to connect either the
response sensor or the instrumented
impactor to the acquisition front end

» Limitation #4: If an impact is applied at a
long distance from the response sensor, a
weak or un-useable response might result

Roving Impact Test

Impact at points
1, 2,3, 4, ...

FRF2:31
FRF3:31 1 gnmmmmnmmnn » FRF1:31

FRF4:31 1
3]

Fixed
Accelerometer
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FRFs From a Roving Impact Test

» Single-reference test: One row of the FRF matrix is calculated from multiple Impact DOFs and one Response DOF

>

Multi-reference test: Multiple rows of the FRF matrix are calculated from multiple Impact DOFs and multiple
Response DOFs
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Modal Parameters From a Roving Response Test

Modal parameters are extracted by curve fitting a set of FRFs calculated from a roving response test

» Limitation #1: Mode shape points &

directions (DOFs) are defined by the Roving Accelerometer Test
response sensor points & directions (DOFs) Accelerometers at points
1. 2,3, 4, ...
» Limitation #2: The impact DOF must remain FRF2:31
. FRF3:31 R LR » FRF1:341
fixed throughout the test v

FRF4:31 ' B Fixed Impact

» Limitation #3: To test a large structure, a
long wire is required to connect either the
response sensor or the instrumented
impactor to the acquisition front end

» Limitation #4: If an impact is applied at a
long distance from the response sensor, a
weak or un-useable response might result

1%Vibrant

TECHNOLOGY



FRFs From a Roving Response Test

» Single-reference test: One column of the FRF matrix is calculated from one Impact DOF and multiple Response DOFs

» Multi-reference test: Multiple columns of the FRF matrix are calculated from multiple Impact DOFs and multiple
Response DOFs
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Modal Parameters From FRFs

Each mode is defined with three parameters

» Modal frequency
= frequency of its resonance peak
» Modal damping

= width of its resonance peak
(half power point, 3dB width)

» Mode shape

= magnitude & phase of each resonance
peak at the same frequency

Measurement

Vibrating Beam

Imaginary
Part of FRFs
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Rapid Impact™ Test

The impact DOFs and response sensor DOFs can change between measurements
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Multi-Reference Roving Response Impact Test
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Multi-Reference Roving Response Impact Test

»The grating was impacted in the X, Y, Z directions at one corner (Point 1)
» Tri-axial accelerometers were attached to 64 points on the grating

» Data was acquired in multiple Measurement Sets
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Mode Shapes of the Grating

Five mode shapes were extracted from 576 FRFs (64 points x 3 directions x 3 references)
using multi-reference curve fitting
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Mode Shapes of the Grating

Each mode shape participates differently in each direction of the dynamics

o [=3]= = |
S || Select | Frequency Damping  Units Damping
3

Shape | (or Time) (%) Participation Video
N 16.5 0.061 Hz ~ 0369  1X-0.01]1Y:-0.06|-1Z:-1.00
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M#0 | 7Y  in/lbf-sec |~ UMM Mode Shape ~| 00684 354 Pa rticipation << +or-1
M#21 7z inflbf-sec ~ UMM Mode Shape ~ 0.54 354 .
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Multi-Input Multi-Output (MIMO) Simulation

»Third Law of Modal Analysis (3" LoMA): All vibration is a summation of mode shapes

» A modal model with five flexible modes was used to model the dynamics of the grating

FRF
Synthesis

— |—> —» |
Time — — — — Time
Dclmain FFT MIMO IFFT Domain
Inputs —» —»|  Structure Model —> — Outputs
— — ——P el
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First Six Impacts of Simulated Rapid Impact™
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Rapid Impact™ Test FRF & Coherence Calculation
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Rapid Impact™ Test FRF & Coherence Calculation
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Rapid Impact™ Test FRFs & Coherence
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Quick Fit of Rapid Impact™ FRFs
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Quick Fit of Rapid Impact™ FRFs
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Modal Residues =» Mode Shape

Each modal residue is the product of two mode shape components

Residues versus Mode Shape Components

RES(1:2) MSC(1)
Residues =< RES(1:3) Mode Shape =<{ MSC(2)

RES(2:3) MSC(3)

RES(1:1) = MSC(1) x MSC(1)
RES(1:2) = MSC(1) x MSC(2)
RES(1:3) = MSC(1) x MSC(3)
RES(2:3) = MSC(2) x MSC(3)

Single-Reference Modal Test

RES(1: 1) MSC(1) x MSC(1)
Residue Mode Shape ={ RES(2:1) y =< MSC(2) x MSC(1)
RES(3: 1) MSC(3) x MSC(1)

Converting Rapid Test Residues to a Mode Shape

Starting with a Driving Point Residue

MSC(1) = /RES(1: 1) = ,/MSC(1) x MSC(1)
MSC(2) = RES(1:2) / MSC(1)

MSC@3) = RES(1:3) / MSC(1)

MSC@3) = RES(2:3) / MSC(2)

MSC(4) = RES(3:4) / MSC(3) = RES(4:3) / MSC(3)

Starting with Triangle Point Residues

MSC(1) = \/RES(I:Z) x RES(1:3)

RES(2:3)

_ [MSc(1) x MSC(2) x MSC(1) X MSC(3)
B MSC(2) x MSC(3)
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Modal Residues =2 Mode Shape

Each modal residue is the product of two mode shape components
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Current Project | | Demos | | Machinery | | Vehicles

Rapit Test Reside == =] P Rapid Test Mode Shapes (===
gslae;; F(r:rq%ir]l:)y Damping = Units Dar&gmg MPC gﬁ'ae’:; F(f:]?;::)y Damping = Units Dar(?/gmg MPC
1 16.5 0.061 Hz v 0.369 0.837 1 16.5 0.061 Hz v 0.369 0.835
2 23.5 0.0675 Hz v 0.287 0.929 2 23.5 0.0675 Hz v 0.287 0.927
3 31.3 0.0865 Hz |~ 0.276 0.921 3 31.3 0.0865 Hz |~ 0.276 0.921
- 38.3 0.0858 Hz v 0.224 0.907 - 38.3 0.0858 Hz v 0.224 0.909
5 48.5 0.113 Hz v~ 0.233 0.912 5 48.5 0.113 Hz |~ 0.233 0.912
Select : Measurement Shape 1 A . Shape 1 2
M# DOFs Units Type Bagnitide: || Ehase:| b1 Ss’id DOFs Units Mea;t;ze:rent Label Magrins dz e Vi d eo
M#1 XY [1] g/lbf-sec |v| Rapid Test Residue v/ 5.32E-05 306 ( M#1 1X in/bf-sec |~/ UMM Mode Shape |~ Poly 0.0672 353
M#2 1Y:1Y [1] g/lbf-sec |~| Rapid Test Residue |v| 2.63E-06 74.3 ( M#2 1Y in/lbf-sec v UMM Mode Shape v Poly 0.00295 133
M#3 1Z:1Y [1] g/lbf-sec v/ Rapid Test Residue || 0.000527 307 0 M#3 1Z in/lbf-sec '~ UMM Mode Shape '~ Poly 0.665 354
M#4 1X:1Z [2] g/Ibf-sec |~ Rapid Test Residue '~ 0.012 167 0 M#4 2X in/lbf-sec v UMM Mode Shape |~ Poly 0.0828 353
M#5 1Y:1Z [2] g/Ibf-sec |~ Rapid Test Residue v 0.000527 307 0 M#5 2Y in/lbf-sec '~ UMM Mode Shape |~ Poly 0.0452 355
M#6 1Z:1Z [2] g/lbf-sec |~/ Rapid Test Residue ~ 0.119 168 0. M#6 27 in/lbf-sec '~ UMM Mode Shape v~ Poly 0.386 353
M#7 6X:1Y [3] g/lbf-sec | v|  Rapid Test Residue |v| 4.31E-05 125 ¢ M#7 3X in/bf-sec |~/ UMM Mode Shape |~ Poly 0.0785 353
M#8 6Y:1Y [3] g/lbf-sec |~ Rapid Test Residue '~ 4.79E-05 306 C M#8 3Y in/lbf-sec '~ UMM Mode Shape |~ Poly 0.0127 355
M#9 6Z:1Y [3] g/Ibf-sec |~ Rapid Test Residue v 0.000628 305 0 M#9 3z in/lbf-sec |~ UMM Mode Shape |~/ Poly 0.0666 354
M#10 6X:1Z [4] g/lbf-sec |~/ Rapid Test Residue ~| 0.00976 346 0 M#10 4X in/lbf-sec '~ UMM Mode Shape '~ Poly 0.0783 353
M#11 6Y:1Z [4] g/lbf-sec |~ Rapid Test Residue v 0.0108 166 0 M#11 4y in/lbf-sec '~ UMM Mode Shape '~ Poly 0.0402 175
M#12 | 6Z:1Z[4]  g/Ibf-sec |v| Rapid Test Residue |v|  0.142 166 0 M#12 | 4z in/lbf-sec v UMM Mode Shape '~ Poly 0.255 174
M#13 7X:1Y [5] g/Ibf-sec |~ Rapid Test Residue v/ 1.05E-05 310 C M#13 5X in/lbf-sec |~ UMM Mode Shape |~ Poly 0.0768 353
M#14 7Y:1Y [5] g/lbf-sec |~ Rapid Test Residue v~/ 5.49E-05 310 ( M#14 5Y in/lbf-sec '~ UMM Mode Shape '~ Poly 0.0852 175
M#15 7Z:1Y [5] g/lbf-sec v/ Rapid Test Residue || 0.000429 308 0 M#15 57 in/lbf-sec '~ UMM Mode Shape |~ Poly 0.57 174 !’
< > < >
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Comparison of Rapid Impact™ & Original Mode Shapes

E *STR: Renumbered Steel-Rack - 3D View, - [Sweep] SHP: Renumbered UMM Mode Shapes

ISHP: Renumbered UMM Mode Shapes
Freq: 16.5 Hz. Damp: 0.369%

SHP- Rapid Test Mode Shapes

Freq: 16.5 Hz. Damp: 0.369%
Complex Shape

1.00

(=] 8 =
1.00

MAC SDI

===
st | FeUS paring unis OoENS !
16.5 0061  Hz v 0369  1X-0.01|1¥
2 23.5 0.0675 Hz |v 0.287 1X:-0.86 | 1Y
3 31.3 0.0865 Hz |v 0.276 1% 0.05] 1y
4 38.3 0.0858 Hz |v 0.224 1% -0.04 | 1Y
5 48.5 0.113 Hz |v 0.233 1X:-0.14 | 1Y
< >
Sslf DOFs Units Mea;;g*:"em . :
M1 1X in/lbf-sec ~ UMM Maode Shape ~ 0
M#2 1Y in/lbf-sec ~ UMM Maode Shape ~ 0.
M#3 17 in/lbf-sec ~ UMM Maode Shape ~ (
M 2% in/lhf_car LIMM Made Shana v )n“
o= &=
;Sﬁlae;; F(r:rq%i:;)y Damping | Units Dar(gglng
16.5 0.061 Hz ~ 0369
2 23.5 0.0675 Hz |+ 0.287
3 31.3 0.0865 Hz |+ 0.276
4 38.3 0.0858 Hz |+ 0.224
5 48.5 0.113 Hz |+ 0.233
Sslf DOFs Units Mea?;g’:'em Lab”
M#1 1X in/lbf-sec UMM Mode Shape ~ Pol
M#2 1Y in/lbf-sec UMM Mode Shape ~ Pol
M#3 1Z in/lbf-sec UMM Mode Shape ~ Pol
M#4 2X in/lbf-sec UMM Mode Shape ~ Pol,
< >

v

% Vibrant
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Comparison of Rapid Impact™ & Original Mode Shapes

W% VT-950 Visual STN: AppNote55.VTprj

- o X
HHE OREGEEGE [©Stop All Scripts | Project Windows File Edit Display Animate Draw M# Links Video SDM FEA Script Help i B [€])
=y ;I SHP: Renumbered UMM Mode Sha  ~| € ._Yi ¥~ E?@ AAL BEH-|Q & OA? B-FCEENSREERE «0» F éjl
Current Project |  Demos év;_‘iachinery Vehicles
@ sTR: RenumberedSteel-Rack-3[.§?ew =N R = {P: Renumbere f Mo (= [@]=]
|| 50| Py | i | units | Do
1 16.5 0.061 Hz |v 0.369
2 23.5 0.0675 Hz [+ 0.287
3 3.3 0.0865 Hz |v 0.276
4 38.3 0.0858 Hz |+ 0.224
5 48.5 0.113 Hz |v 0.233
< >
Select ; Measureme * Video
M DOFs Units Type
M#1 1X in/lbf-sec v UMM Mode Sh:
= e e ase . e cie se s e e . ,-.)v
HP:Rapid Tst Mode Sh EIEE]
16.5 0.061 Hz |~ 0369
< >
seect  pors Units Mea?}‘,;f:‘e 2
M#1 1X in/lbf-sec '~ UMM Mode Sh:
M#2 1Y in/lbf-sec '~ UMM Mode Sh:
M#3 1Z in/lbf-sec '~ UMM Mode Sh¢
z M#4 2X in/lbf-sec '~ UMM Mode Sh:
Xnt“y M#5 2Y in/lbf-sec '~ UMM Mode Sh:
S MR 27 in/lhf-cac v/ 1IMM Made Sh: ¥ tﬁv. b t
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Rapid Impact™ Test Summary

HEFEOCORGEGEGEGZCE Project Windows File Edit Display Animate M#s Shapes Tools Script Help = &1
= i ;| R E % 2R InMs PHEQ w! @ pl e -

Current Project | Demos | | Machinery | Vehicles

-

@ = err=T]

EEr=]

i :
|| St | ot | paping |y | Do | ol
[ W1 ] 165 0.061 Hz |v| 0369  1X-0.01]1Y:-0.06 | -1Z:-1.00
2 235 00675  Hz |v| 0287  1X-0.86]1Y:-0.49|-1Z 0.14
R 3 313 0.0865  Hz ~| 0276 1X: 0.05 | 1Y: 1.00 | -1Z: 0.04
4 38.3 00858  Hz |~| 0224  1X:-0.04|1V:0.16]-1Z: -0.99
5 48.5 0113 Hz |«| 0233  1X-0.14]1Y:-0.99 | -1Z -0.03

., Video

Select . Measurement Shape 1 2
M# Bk S Type Magnitude | Phase

M#8 3Y in/lbf-sec |~ UMM Mode Shape |~ 0.0126 355

M#9 37 in/lbf-sec |~ UMM Mode Shape |~ 0.0664 354

M#10 AX in/lbf-sec |~ UMM Mode Shape |~ 0.0781 353

M#11 4y in/lbf-sec |~/ UMM Mode Shape |~ 0.0401 175

M#12 47 in/lbf-sec |~/ UMM Mode Shape |~ 0.254 173

M#13 5% in/lbf-sec |~/ UMM Mode Shape |~ 0.0768 353

M#14 5Y in/lbf-sec |~ UMM Mode Shape |~ 0.085 175

M#15 5Z in/lbf-sec |~ UMM Mode Shape |~ 0.57 174

M#16 BX in/lbf-sec |~ UMM Mode Shape |~ 0.0544 172

M#17 BY in/lbf-sec |~ UMM Mode Shape |~ 0.0603 352

M#18 67 in/lbf-sec |~ UMM Mode Shape |~ 0.793 352

. M#19 X in/lbf-sec |~/ UMM Mode Shape |~ 0.013 355

.I‘ M#20 7Y in/lbf-sec |~/ UMM Mode Shape |~ 0.0684 354
X Y - . h A7 77 G Mk rne ool UIRARA RAAdA Clamenn nca By ) >
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Conclusions

In a conventional impact test, the reference sensor (either the impact DOF or the accelerometer location) must
remain fixed throughout the test. Since the reference sensor must be connected by a wire to the data acquisition
system, a very long wires might be required when testing a large structure

Better quality signals are possible if each impact force is applied closer to the response sensor

In a Rapid Impact™ test, either the impact hammer or the accelerometer can be moved to a different DOF between
acquisitions

In a Rapid Impact™ test, a chain of acquisitions (based on Input & Output DOFs) is required.
A chain is formed when the Input & Output DOF of each acquisition has the same DOF as another acquisition in the
chain

An FRF chain is calculated from chain of acquisitions

After the Rapid Impact™ FRFs are curve fit, modal residues are converted to mode shapes using the relationship
between residues and mode shapes. Each modal residue is the product of two mode shape components

A Rapid Impact™ test is faster and more convenient for testing any size structure

1% Vibrant
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