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0 Context of vibration-based SHM
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Context

Context: Structural Health Monitoring
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Context: Structural Health Monitoring
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e Modal analysis



Modal analysis
Subspace methods

From automatic control

@ Stochastic framework under ambient excitation with or
without known inputs

@ Parameter-free — no optimisation — no iteration

Identification algorithm

o [Data|=|SVD|= \ Least Squares \ = \ Eigenvalues \

@ Identification of modal parameters
e Natural frequencies
e Damping ratios
e Mode shapes

Mz+Cz+Kz=v Xk+1:AXk—|—Vk
y=Lz+w Vi = CXi + wi




Modal analysis

Uncertainty quantification

@ Assess quality of estimates
@ Establish confidence bounds

@ Comparison of modal parameters (e.g. for monitoring)
would be meaningless without uncertainty bounds

Variance due to...

@ Unknown system inputs — ambient excitation
@ Measurement noise
@ Finite data length

Fast and memory efficient implementation for
uncertainty quantification

M. Déhler and L. Mevel. Efficient multi-order uncertainty computation for stochastic subspace identification.
Mechanical Systems and Signal Processing, 38(2):346-366, 2013.



Ifsttar gantry

@ Vibration monitoring using PEGASEZ2 platform
@ Embedded modal analysis and uncertainty quantification
@ Cloud application for remote monitoring

FUI SIPRIS, with VINCI ADVITAM, in collaboration with LISIS



Modal analysis

Ifsttar gantry
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Modal analysis

Wind turbine: Vestas V27, with Brlel & Kjeer

@ Modal analysis of wind turbine in operation
@ Take into account the periodic dynamics J

13 m (96%)

10.5 m (81%)

9m (67%)

7m (52%) ©

6m (44%) ©

o flapwise
O edgewise

Also on wind turbine with CEA-tech in Pays de Loire region
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Modal analysis

Transfer to commercial software ARTeMIS

ARTEMIS Modal Pro
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Structural Vibration Solutions A/S, Denmark
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© Damage assessment
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Damage assessment

Structural health monitoring

@ Change detection in vibration measurements

@ Damage diagnosis for civil or mechanical structures

V.

@ Detection: is structure damaged?

© Localization: where is the damage?

© AQuantification: what is the damage extent?
© Remaining life prediction

“Compare” vibration data from reference and current state
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Damage assessment

How?

Statistical distance measures

@ Use data from healthy state to set up a reference
@ Compare new dataset to reference in statistical tests
@ Exceeding threshold: alarm

@ Detection: data-driven — no FE model required
@ Localization, quantification: use also FE model

M. Déhler, L. Mevel, and F. Hille. Subspace-based damage detection under changes in the ambient excitation
statistics. Mechanical Systems and Signal Processing, 45(1):207-224, 2014.

M. Déhler, L. Mevel, Q. Zhang. Fault detection, isolation and quantification from Gaussian residuals with application
to structural damage diagnosis. Annual Reviews in Control, 42:244-256, 2016.



Damage assessment

S101 Bridge - collaboration with BAM, Berlin

Damage detection on S101 Bridge
@ In FP7 IRIS: Large scale progressive damage test as
benchmark for damage identification
@ 4 days of measurements with different damage actions

e Lowering a column in 3 steps
e Cutting the prestressing cables

Cross section where
tendons were cut through

Carriageway Carriageway

Salzbura Vienna

Déhler, Hille, Mevel & Ricker (2014), Structural health monitoring with statistical methods during progressive
damage test of S101 Bridge. Engineering Structures, 69: 183-193. 16



natural frequency /

Damage assessment

destruction state
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Damage assessment

S101 Bridge
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Damage assessment

Transfer to commercial software ARTeMIS
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Damage assessment

Yellow Frame: damage localization

@ University of British Columbia, Vancouver
@ 12 accelerometers, ambient excitation
@ Damage introduced by removing braces

WTk y \ North
direction -
LN .
NI/
<« Song
direction
Accelerometer sensor location and direction: EE)
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Damage assessment

Yellow Frame: damage localization

x 10° MinMax with cIung

-]

1 5 10 15 20 25 30
Brace element number

Allahdadian, Déhler, Ventura & Mevel (2017), Damage localization of a real structure using the statistical subspace
damage localization method. International Workshop of Structural Health Monitoring.
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Damage assessment

Ongoing: Saint-Nazaire Bridge mockup

@ GeM, University of Nantes
@ 10 accelerometers, white noise excitation
@ Damage introduced by removing 2 cable rods

Damaged elements
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Damage assessment

Ongoing: Saint-Nazaire Bridge mockup
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Structural Health Monitoring: SIMS, CA

Natral Resouroes - Ressouross natrees
Camaca Canaaa

ansportation
d Infrastructure

Map mode: Show acti : Network:
(.current seismic activity v | [One month v ] [southemBC v ]

Transportation and Road  Aerial Pebetly SO £ 5 ez -
Infrastructure . % = < .
7 pemberion =
= T 3
Columbia 3
‘Geological Survey of i g s Covle,| Quichena
ke = Mt
Canada B ~
piss Landing
Popup Windows: Nt
“Station Info 1 o
T .2
S 2
Staton Legend || 3
o
Tutamear]

q
T

Great Contas Lok, Hozameen

1t Albon

y Coquitlam sy Lo . £
S s’ % Bt Aermi (Fikange 3
5 SO A Ouf Maple Ridge, g 7 SR
3 Y\:,.: lssion " Chiliwack " s
/- urrey y g :y‘"’
e il D R =
Second Narrows Bridge. e e N i ‘Abbotsford >

Latiude.
49.2946014404297

ARTeMIS Modal Pro o ® =
Analysis> Analysis History @

Barkiey. Noubou
Longhude % Secsie History ralysis Sessions.
123.026262746582 S ) e T reocs £ Wount ffiCascalon g s oy ERCRE) peee - e =
. Pacti 3 Bapengham |, Baker RNl Bar 2 Domage Indiator-Clossc = @ oa-
y im 2 ernoss 12 S bicket s [P p—— LA e o
SR N S i e 5 " i — T
o - = =
amisn, i i
4 "
L
Centrs | Harbor g+ o e
Saaricn || 1O B Padila Bow  searg Woolkey Gk o
“aanich 1097 Anacories B0Y 5 e T w B
View Rgya = ockport 542 Dokt oo Cho
» Burington " Clear Lake, #\ N
#coria ° 7. Stehekinad® National o
loria Cornvay Mount Vemon 3 #1257 M Rcroalion 2 B |%
Makah . 3 Oak Harbor, __ Skagit 3= 0] B[N
<f'F o Calan ey e e o IS
& Strait of Juan de Fuca “iy | Hinglon ;> ElS
g & Port Angees PorTounsend, S8 | Comane, by i < e
BINg! S e o oo e Y : P o e
SRR o Lok Crocert 2 Sequim Tarty sl Lo siovess oD
w o %
e
o
"o
Acceleration (m/s?) Acceleration Time Series for Channel TA-07 NONE ] &
omus -
o
]
o
-0006
001 4 Damage Dete
v wl Soranceiod %9
| ogscdeonY i
002 SOy
Time [s)
Acoeleration (m/s?] Acceleration Time Series for Channel: TA-07 NONE
006

Time [s]

Acceleration Time Senes for Channel: TA-08 NONE

Time [s)

V4

INVENTEURS DU MONDE NUMERIQUE



RIS

Weather station
Vaisala WXT 520
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@ Conclusion
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Conclusion
Conclusion

Statistical methods for vibration analysis of civil structures

@ Modal analysis with uncertainty quantification
@ Damage detection, localization, quantification

@ Strong theoretical background, perform well under noise
@ Fast and memory efficient implementation

@ Validated on case studies in the lab and in the field

@ Available for PEGASE2 and in commercial software
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Conclusion

Current and future focus

Coupling data with physical modelling for precise damage
assessment

@ Multi sensors : fiber optic, morphosense, imaging, etc
@ Localization, quantification of damages

@ Temperature nuisance

@ Marine growth

@ Scour

° ..
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