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) ELSA Laboratory: The European Laboratory for Structural Assessment
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) Example of bi-directional test at real scale
" ‘&  R€SONaNces

Dynamic Inputs

\
Seism Wind Rain Traffic

v b
For flexible structures, ex: Bridges, Cables etc...
Sometime resonances are visible to the naked eye.
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What to understand from resonances?

Dangerous for structures

- Damping effect ~_ |

Measurement I
on ELSA cable S
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l From measurements at different positions of the structure the
toolbox calculates the three parameters which govern resonances
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The three
parameters
calculated by the
toolbox from
experiments

Equation of motion of the structure

Inertial Forces Damping Forces Reaction Forces

A4 V
Mx"}+ [2. wl{x'} + [K]{X1 el

@ ==3 Dynamic Inputs ' ]
Source: Messaggero Veneto. Friuli Earthquake 1976
Frequency~ (Ki/M,)%-

Mode Shapes o;
Amplitude at different

positions |

J positions

Could give: - The mechanical state of the structure (damaged or not)

- Reference values to implement numerical models
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Practically

Real time history signals from a dynamic event
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/. z 7 7 Aim of the Experimental Modal Analysis Toolbox:

Physical Mode 1 Mode 2 Mode 3 Mode n extract parameters from “complex” signals
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Instrumentation

Input signals X(t) in position i Output signals Y(t) in position j
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The toolbox is divided in two parts: in each of them
MATLAB eases and shortens the signal processing

e\, :
Slide 9 s Process the data during the

Slide 13 acquisition

M h 2

Slide After the acquisition extracts the
Slide 20 experimental modal parameters
displaying results in different forms
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« ‘Classic’ Test or monitoring”

£

Acquisition Methods

S

j limited by the number
of Output transducers

The toolbox runs
with two types of
tests

— Fast Impact Hammer Test (FIHT)

v

Possible only with a fast check of the HTLAB 1
coherence function (values near 1)

Use of reciprocity property of the
FRF (Transfer Function)

Hij(wy) = Hji(wy)

j is not limited ! More experimental data more accurate
results. It is possible to test additional positions etc...

800

Ham
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J Accelerometer positions
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Equality Limitations

Al
Accelerometer Position
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200

j Hammer Impact positions
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Tenths or hundreds of coherence

curves to check
Coherence curves

e27: H

038

06

Caoherence

04

02

e27:
0

0
S0
0

e27: Hammer Test: global beh.:Ac.in X, F in-Y12

Ac.d PoX1
’ 1 Impiact
V i §
‘ il 1}
.............................. Ac PoX1
08 2Impacts
@ ey ' ; Act Poxi
2 \ ' ! & Impacts
8 | : : H
04 : . -4 -
"
02 A
] 1o 0
| | =0
ol : : S R
20 40 60 80
Frequency [Hz]
Frequency [1z] T

Freguency [Hz]

10

FRF curves

Control of the measurements

A first “Time Reduction” converting number
of curves in few histograms

= [MATLAB: 1

13: Ham.test Global Behav.:Impacts po.-X13: "Reducted" Coherence values distribution for each channel
100

Correct measurement
Represented by histogram of the coherence
with a
positive exponential fitting

I ch.! mean=0.9824 ener=0.00034326
ol I ch.2 mean=0.98015 ener=0.00039345
I ch.3 mean=0.9730 ener.=0.00055375
[ ch.4 mean=0.98787 ener=0.00057672
H [ ch.5 mean=0.95658 ener=0.00014298
[ ch6 mean=0.96851 ener=0.00015347
[ ch.7 mean=0.95573 ener=0.00016619
[ ch8 mean=0.14389 ener=NaN
[ ch.9 mean=0.96957 ener.=0.00019579
H I ch.10 mean=097217 ener.=0.00013632
B ch.11 mean=0.95294 ener.=0.00014952
I ch.12 mean=0.96213 ener.=0.00010456
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values of coherence dvided in 10 bins

After Noise filtering
. il

in .po.-Z1: meanF=6844 N: "Reducted” Coherence values distribution for each channel
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Spatial control of the measurements = [MATLAB: 2

|

Hammer tests on the first
composite bridge of a
motorway in Europe

(Asturia -Spain)

A Typical Example

Position to be
controlled !

p01:pZ4 Hammer Test:13/08/08 Mean Load Input values {N)

Map of the Impacts

250
200 —
150 —
100 —

50 —

Map of the coherence

Position and mean value of the Impact Load v

¥ cm
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)) Use of Macro for a fast 3D design of the structures = IMATLAB: 3

Examples: Design of a Building in ELSA (Duarem project)

Bridge element in ELSA (Prometeo project)

Deck designed in grey color :
beam([-28 1385],[-126 126],[112 150],nf, [.6 .6 .6] );

Carbon Beam with irregular section designed in green

irsbeam([-28 1385],[60 -60 -90 90 60],/0 0 112 112 0],12,g’)

( [X], [Y], [Z], fig.Nb., color)

European
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)) Interpolations of irregular mesh of measurement positions s [MIATLAB: 4

Color grid in correspondence with the vibration amplitude levels

Ex: Prometeo Bridge Project ‘z

—

445

= .

1- Create a regular cartesian mesh:
[xi,yi] = meshgrid(mil:stepl:mal,mi2:step2:ma2)

2-Interpolate the grid by the irregular distribution of
measurements. L .
300 **
200
100
200 400 13/08/08 5 Impacts in .po.-Z1: meanF=7847 M: Mean Spectrum distribution until 100 Hz in %

e Po.74: IMPACTS Position

Produce an iso-surface with: ci = griddata(Xcapl,Ycap2,Vcou,xi,yi);

.6D
50

-40

-40

130848 5 Impacts in each position: response distribution at low frequency ([ <8 Hz) in %
-30

e Po.74
4: IMPACTS Puosition

M. Po.74

1200 -100

Low frequencies distribution examiple : O< f <10 Hz

1200
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) Example of structure to illustrate the process of modal parameters extraction:
a smart composite container prototype

o§
1
i‘-

Vibrations ; \ I Allows to measure the
Induced by rain, wind, ﬂ & ” bt global mechanical properties
transportation, damaging - ONT RESEAR s T of the container or one of its
etc.. p—— components.

Signals in time domain

: 3 impacts at each position 3
" 100 25 positions for each panel X 25
" - 5 panels (each container) X 5

J 3 transducers (Force+ 2 Acc) X 3
- Total: minimum time signals = 1125

Hammer Impacts ~
Input
(Input) European
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» Signal processing to obtain modal parameters

Frequency domain (Fourier Transform)

From Time domain (1125 signals) to >

Control of the data - Physical interpretation of the data
= — — 7 LY N . |
1 ~— = ; .
Tl 1 kil | Matlab, step:5 o MO T |
iy | 7 e o
Sl . : -
| Y H Algorithm of automatic g o
A M identification of 3 parameters 5| &
2l of each peak in the .E g
W experimental and noisy 250 £ 4w
© 20 40 60 80 curves, and display of the % 3
ATl e results in a few seconds &=
250 Coherences functions 2
(“control” of the measurements) . -
N@:T 250
250 vectors < O
Frequency —~— 3 x of different (125 positions*2 Outputs) =250 FRFs files

Amplitude «——
Damping

dimensions
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)) Optimisation to obtain the final modal parameters

-:6 ( fastening with matrix)

mfy; mfy, e mflm\ ‘ f \
Mf,| Mz M=ot M f = 250lines © @ @ M,
mf,, mf, - mf,,
S - \. J
250 m, tol. m,, col.
frequency For each window dispersion Af; : 1 Frequency Matrix Mf;
vectors
Which is the best clustering?
Clustering in Calculate for each Af;, a Statistic S, and a Physical parameters P:
m; modes S=Mean Std. Deviation for all columns (modes)
P= Stability of the cluster (modes) when Af; increases.

Solution in the set of frequency matrix
= Max(P/S)

mf,, . mf,, - mf,,

1 column for each
16 frequencies cluster found
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Solution of the modal parameters extraction

_ Mode shapes
Conf11:1st Snap-Back:150KN in X7
g o02r
e
Z S=std
- 015K | . *
7 [ Mf;]
£ o1f i
o 1
z i
% 0.05 .
€ !
= |
%) 0 r L r r r r r r r
0.01  0.015 .02 0025 003 0035 004 0045 0.
1 Max. Freq.dispersion [Hz]
60 Afl :
§ b i P= cluster stability . m
£ ! L/ o
% : ;_//L._' s . Z=v,
: .l ‘ | W 7l
Oaﬁit#*%f"@* I r r %% % * © r rvk r ("" ‘!_E 7/
0.01  0.015 b.oz 0.025 0.03 0035 004 0045 0 door side
Ii Max. Freq.dispersion [Hz]
CSTRUCT
25 Highest modes/FRF.
Minimum of. 8 valuegfmode
Freq.Dispersion limit§=0.3 to 1.3(Hz)
Results from Output #h: Acc4,
Solution Number:1 fOn Number:2 Solution Number:3
Df<1.0470 Hz <0.7830 Hz Df<0.4830 Hz
Mode Freq. Damp. Fre.Disp. Freq. Damp. Fre.Disp. Mode Freq. Damp. Fre.Disp.
Nb.  (Hz) (%) (%) (Hz) (%) (%) Nb.  (Hz) (%) (%)
01 8.3104 8.052 7.274 /01 83104 8.052 7.274 01 22.764 1.089 1.422 adX07
02 22764 1.089 1.422 02 26.666 3.648 0.801
| 03 26.738 3.537 2.147 03 29.297 1.717 1.325
04 29.280 1.766 3.144 04 29.297 1.717 1.325 04 29.357 1.622 1.185
05 31.301 2537 2179 05 31301 2537 2179 05 31.268 2470 1.125
06 35.294 2548 2.250 06 42393 1.480 1.315 06  42.400 1.473 1.175 W
07 39.343 2580 1.655 07 44390 2.096 1.664 07 66.397 1.447 0.633 om k 3 1
08 42393 1.480 1.315 08 66.257 1.433 0.801 08 90.575 1.367 0.418
09 44491 2301 1.803
10 63.185 1554 1.629
11  66.269 1.445 1.047
12 90.515 1.329 0.713 European
Sig.Processing: Danbox3 . .
1 7 daniel.tirelli@jrc.ec.europa.eu CO m m I SS I 0 n




Spline interpolation for a better shape interpretation

LAB, step:7/
Example of the main mode .
shapes of the roof panel in

== correspondence of the peaks [xi,zi] =ndgrid(/.../,...
§ e =1 X\ Z\Y' ' xi',z1','spline");
3 yi = interpn(X',Z",Y' xi",zi','spline’);
200 ~ = 8025 Hz -
TR 1.46 %
S T -
150 -] i
5 \““‘§§§§§§§§§§§$§$§§§§§§%&.“:
100 —] s . cstruct: Result of 26 posi.measured. Right Panel
4049 Hz Mode No:14 Freq.=101. Hz.
2297 Hz 1.87 % 7767 Hz 300,
50 —] 1.44 % 1106 % W
250,
0
600 30.17 Hz
0.846 % 200
!,\ door side bl | 3 05 \HZ -
3233 '504| 85.18Hz
I 3209 | | #285Hz 2.06 % g%
200 1.51 % N
v 6565 Hz - -
V4 o%k- 93.02 +
i S ¥ * & 15 %
50,
0
7366 Hz 600
;.3 5 r r r ¢ r
50 100 150 200 250 3 N
300 — s Point Nb. Sig.Processing: 400
S daniel.tirelli@jrc.e
A LA 300
E 250 2= L
- =\ 200
350 — g
200 —| AT NG 100
7 i s
N e 0 50 -100
=0 Ih’%gf%ﬁ%;”'l’l" ""‘““""‘? ":"‘?‘:"‘i‘i“ Xem 200 150 100 50 9 h
i ;ﬂ”;’””lllh’l’ll"llnﬁll'il',"l'[:,;q:.‘:& o
oo st i ll,,,l:,,,z,,,;?;;?;%,‘:
L7 #;"#,.tn
200 i L p p
o = xample of a mode shapes o
150 —] 77 = : = .
o = one of the vertical panel
100 —|
50 —]
0

==
600

door side
u]
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Results recorded in video format without interpolation

DUAREM: Conf11: Snap-Back: a06: Mode No:4 Freq.=5.24 Hz

500

PO 2018 ’)
4 0
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Results recorded in video format with interpolation =gMATLAB, step:8

cstruct: Result of 25 posi.measured. Left Panel
Mode No:4 Freq.=22.9 Hz.

Ycm

door side

Sig.Processing: Danbox3
daniel tirelli@jre.ec.europa.eu

cstruct: Result of 25 posi.measured. Left Panel
Mode No:17 Freq.=115. Hz.

door side

Y cm

Sig.Processing: Danbox3
daniel tirelli@jre.ec.europa.eu




Use and Interpretation of the Results: examples

Stiffness comparaison:
Left panel stiffer than the right
panel fl > fr

door side

Comparison with theory of thin plates: Theory of thin plates
in agreement with the theory

Mode
ratio

Q
Il
N
w
(0)}

Y2/Z22

1
1
1
1
1
1
1
1
1
1
-
1

Y3/Z3

21

Freq.ratio Freq.ratio
Exp. Theo.
1.066 1.077

1.08 '
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aaaaaaaaaaaaaa » Conclusions

The methodology allows the experimental modal analysis based
only on measurements processing, with structured automated steps.

Automatisation of:

« Near Real-time Signal Processing during the tests for measurements control.
 Possibility to adopt Fast Hammer Testing method (faster method)
« Spatial control of the measurement to immediately detect the errors locations.

« Powerful Interpolation to control and for a great help in the interpretation of the
results.

« 3D Visual animated representation of the results.
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