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Singapore: reduce risk related to

damage
assessment after natural events

Gota Bridge (Sweden): safely extend the
lifetime of the ageing bridge

Halifax Metro Center (Canada): Making use of  I35W Bridge (USA
existing structural reserves to allow increased

snow and equipment loads on the roof

): reassure public on the safety
of the new bridge, support the rapid construction

schedule, provide data to local researchers
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Damage Identification

Observation of the system
through periodically spaced
measurements

Selection of a certain
number of features and
indexes in order to identify
the damage

Estimation of the
aforementioned indexes
using an inverse
identification method based
on the observations

Monitored physical
phenomenon, depending on
the damage

Integrity Monitoring system, Diagnosis
| defined by a sensed physical 1 Structural
Vi phenomenon and an adapted | Health
- __ | data reduction ' | Monitoring
P
o / | Sensors Sensors ;
ama inlexi 3
ge multuplexmg‘ fusion ‘ Usage
and networking I Monitoring
Monitored | —
structure i
O Monitoring of usage conditions
Data cumulative

recording

Damage and
behavior laws Health Management

of the full system (fleet, plant...)

Balageas et al. 2006
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Objective and motivations

Damage identification and localization

Observations
y(t)

)

Requirements

On-line tracking

Damage indexes
di,....dyn

r

_ Model order reduction
* Reduced computational cost : Hybrid Extended Kalman Particle

Filter

——> Dual estimation

Coupling with FE commercial ———)> Use of reference substructures

code
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| Model Order Reduction B

Linear dynamic equation:

Full order n model Reduced order /<nmodel
Mii(t) + Du(t) + Ku(t) = F(t) :> M, &(t) + D,.&(t) + Kr.a(t) = F.(t)
UERR, M’D’KERRXR O{ERZ, MTanl“aK'r ERle

Proper orthogonal decomposition based methods (POD)

{

Optimization statement

find the projection II, = [¢1 -+ ¢p,] € R™*"
suchthat [T ||u(t) — T, u(t)||3d¢ is minimized

@; :Proper Orthogonal Modes (POM)
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| Model Order Reduction

Calculation of POMs: Singular Value Decomposition
Any given matrix U can be decomposed by:

U=VXW

U = (u(t),...,u(tn,,,,)) € R"*Nenmar : Snapshot matrix

o; : Singular values
v; : Left singular vectors

The 7-thPOM can be calculated through:

¢; = U%.U’Uz'
Level of information:
_ _ lu-mullz _ i, o}
[) =1-e&()="oE = = S5
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| Model Order Reduction B

Galerkin-based Projection
The vector u(t)can be expressed as a linear combination of ¢; :

u(t) =>"7" diyi(t) = ®y(t)
u(t) = Y, iy, (t) = Ba(t) < n
D, = |p1--- P

Mii(t) + Du(t) + Ku(t) = F(¢

l

M®,&(t) + D®6(t) + K®a(t) — F(t) = r(t)

From the orthogonality condition <I>lTr(t) — (0, we get:

ST MP &(t) + P/ DP (L) + P/ KPa(t) — P F(t) =0

Y

M, a(t) + Dia(t) + Kia(t) = Fi(t)
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Dual Estimation Problem

Discrete-time state space equations:

State vector Process noise

X = fr(xp—1) + Wy,
yi = hp(xk) + vi

Process model
Measurement model e

Observations Measurement noise

Dual estimation:
_|uk “
XL — Bk

Dynamic process

< Parameters
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Kalman Filter and Extended Kalman Filter

Hypothesis:

w, = WN(0, W) v = WN(0,V) fi., hy linear

1. Initialization (tx = tg)
)A{() = E[Xo]

Py = E[(xo — E[x0])(x0 — E[x0])"]
2. Recursive computation (¢, =t1,....tnN)

(a) Prediction stage
P, = F,P,_F} + W,

(b) Updating stage
Gy =P, H] (H; P, H, +V;)™!

X =X, + Gi(y, — Hix)
P, = P; — G H,P;

Fi = Vi (X) |X=Xk—1

If f:,h; non-linear —
oo Hy = Vixhg (X)|X=Xk—1
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Extended Kalman Filter vs. Particle Filter

Drawbacks of the Extended Kalman
Filter

* linearization error

* computational cost of the Jacobian
matrix

* non-holonomic systems

Drawbacks of the Particle Filter
* number of samples
* degeneracy of the weights

Particle Filter

* no assumptions on the probability
distribution function are required

* generation of samples and relative
weights from p(Xo:x|¥1.;)

Solutions
e sub-optimal importance function
p(XOIk |X?l:k)

* re-sampling
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Particle Filter

1. Initialization (ty = tg)

)ACO == E[Xo} X% == 5(0

2. Recursive computation (tp = t1,...,tn)

(a) Prediction stage (¢ =1, ..., Ny)
X}, ~ P(Xk[xj, 1)
wi = wi1P(Yk[x})
(b) Resampling stage (i =1, ..., N;)
u; ~ U0,1]

m—1 m
find m s.i. Z wy, < u; < Zwi

Xk - Xk
‘ 1
— % -
W = NS
(c) Updating stage
N,
Xp = LTJ,Z}T(;C
i=1
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. . . I
Application to structural dynamics

m
.. T
State vector: x= |0 & & d]
S———— Coordinates of the reduced system
: Stiffness reduction
Damage indexes: E; =01 —d)E<

Newmark explicit integration method

a (a1, dp_
Process model: X = [ k] = [k( Zkl_l g 1)} = fi(xp_1) + W

Fj = Vit (X) |X=Xk—1

I-BAEM, Y Ky AT - BACM Y K1 A2(1/2 - B)[I - M, 1 K, 1A23)

a1
fr=| “AM Key  IT-ACYM Ky (1—9)dtl— APy(1/2 = )M Koy | [ | +
~M ' Ky —AtM L K —A?(1/2 = BIM L Ky (o1
At?SM; L Fy,
+ At’YM};i1Fk
M,;lle
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| Application to structural dynamics §

Stiffness matrix:

K(dla ) Zz— E; Kund;};’{z — Zé\gl 11__% (Kund - Kz)

* coupling with any FE Abaqus: use of keywords ELEMENT
commercial code : MATRIX OUTPUT applied to a
fictiotious substructure

e the parametric formulation
of the stiffness matrix is not
required

Measurement model: vy, = hp(xx) +v=HLp 1x + Vv

L, = (I)l,k I POMs
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N Application to structural dynamics 14

—

*  Bruggi, Mariani, Optimization of sensor placement to detect damage in flexible plates (Engineering Optimization,
2012)

*  Mariani, Bruggi, Caimmi, Bendiscioli, Optimal placement of MEMS sensors for damage detection in flexible plates

Previous works:

(Structural Longevity, 2014)
.




| Results —

6 (5 8 Elements S4R (Mindlin-Reissner)
/// U= Uy Uy Uz Py Py (pz]T
3 E = 68.9 MPa
5 /// 1 @ : p=25-10% kg/m"
Fl(t) = Asin(wt)
* 1 A =100 N
9 ] w = 500 rad/s
2 . t=95mm
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Results: Benchmark Analysis

The damage identification method is evaluated in function of the following
features:

order of the reduced system
initial conditions
measurement noise

process noise

number of observations
mesh refinement

POMs convergence
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Displacement v, [m]

Displacement u, [m)]

Results

Model Order Reduction - Undamaged vs Damaged Case

| L
» Displacement - Node 2 Displacement Error - Node 2

full
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Results 18
Damage parameters estimation

Number of POMs retained o6 1 POM

0.2 0.3 04 0.5
b ]
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Results
Damage parameters estimation
|
o o Ei(to) = 3E
Initial conditions 1
10
=
=
6T
= .|
il
10{(1010 Ez (tO) — O

(1-d)E [Pa]
(1—d)E [Pa

_ 1 1 1 1 1 _ 1 1 1 1 ]
0 0.1 0z 03 0.4 0.5 0 0.1 02 03 0.4 0.5
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Results

Damage parameters estimation
|

Measurement noise
Yi = hip(xx) +v
V =02l

Maximum amplitude

./

oy =1.5-1072 2 100% @rma)

03F

oy =15-10"* =~ 10% - Yrmaz
Node 3

600

500

400

Frequency magnitude

target
- = = estimate

(R A
L
. b -~ f-

0 100

8]
T

200

300
f [Hz]

oy = 1.5-1073 2 100% * Pmaz

N( )lll" :5

400

400

500

600

target
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500
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Results

Damage parameters estimation
| L I

Process noise
X = fh(Xp—1) + W

W =21

O-W ~ 10% : Somax O-W > 100% - @ma,x

06 06

el s e s

o 0.1 02 0.3 0.4 0.5 o 0.1 0.2 03 0.4 0.5
i ] b [
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Results

Damage parameters estimation
| L I

7 7
and ¢, measured
Number of observed degrees of Pr SR Py

06
freedom
5 8
@ 1 4 h
9
2 3 0.1 1 1 I I 1
0 0.1 0.2 0.3 04 0.5
- - ¢ E]
@) measured ¢, measured
06 0.6«

1 1 1 1 1 1 1 1 1 1
0 0.1 02 0.3 0.4 0.5 ) 0.1 0.2 0.3 0.4 0.5
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Results

Damage parameters estimation

Mesh refinement

3x3 nodes — 11x11 nodes: 2182 d.o.f.

Speed-up
2 POMs: 10 d.o.f. — =400
3 POMs: 13 d.o.f. — =~ 250

0 0.1 0.2 03

04

0.5
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50t
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Results
Damage Identification

Non-stationary case

15

0.5

-0.5F

Without POMs updating With POMs updating

15r

-F—

variation of stiffness
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Conclusions

We have introduced several innovations with respect to previous works:

* Identification and estimation of damage indexes related to the reduction of
stiffness

* Localization of damage
* Coupling with commercial FE code

We assessed the effects on the algorithmic performance of:
* Number of POMs retained
= Initial conditions
= Measurement noise
= Process noise
* Number of observations
= Mesh refinement
* On-line variation of the structural health
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