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Application of OMA Techniques in Python

Application of OMA: Implementing OMA techniques like EFDD, SSI-COV, SSI-DATA, and
PolyMax to analyze structural dynamics in response in a new python library (Modalyzer)

ortlib.r
from EFDD_func

print{ upload S5

# files.up
from 55I_func import SSI_Alg, psd_func, svd_psd, stabilization_ diagram

print{ upload Po
ﬂ fil 5 ) ..-I

MAX func.py ...")

PolyMAX, independent_mode_shape
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Application of OMA Techniques in Python

Application of OMA: Mode shapes and MAC matrix
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Experimental campaign

1. OBJECTIVES

* Investigate structural health monitoring techniques for prestressed concrete bridge girders.

* Perform experimental testing on artificially damaged strands in a controlled lab environment.

* Use advanced sensors and acquisition units provided by SACERTIS to validate results.

"These objectives aim to advance the understanding of structural damage detection through dynamic monitoring."

2. CONSTRAINTS

Lab Constraints:

* Actuator Sizes: 250 kN, 500 kN, and 1000 kN.

* Control Modes: Displacement-controlled or force-controlled.

e Testing Area Dimensions: 9.0 m x 7.0 m, height 5.0 m.

"These constraints define the boundaries of the
experimental campaign and influence the design of
test setups.”
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DESIGN OF PRESTRESSED
CONCRETE BEAM

vy

Length =? |:> 8.0m |:> 12 prototypes of 8.0 m each (96.0 m of the 100.0 m casting slot), clear span L = 7.0 m

-

Cross section geometry: 30 cm x 25 cm

Ala 800
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. A :<] 700 50
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Reinforcement = ? 5+1 prestressing strands 0.5, " 3 d> ~Jow  SectionA—A
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Beam Design and Manufacturer Constraints

* prestressing strands spacing 5.0 cm in both vertical and horizontal direction
« minimum diameter for prestressing reinforcement 2> (A, = 93 mm?)

* recommended concrete class C45/55 (R, = 55 MPa)

* recommended size of concrete section 30 x 25 cm to exploit ongoing casting setup

* recommended length of total casting 100.0 m

» strands release: approx. 16 hours from casting, when cubic mean strength is at least 35 MPa




Casting of the specimens
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Types of specimens

v e

1 strand 0.5" 1 strand 0.5"
within plastic duct
I
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Types of specimens

1 strand 0.5" 1 strand 0.5"
within plastic duct :
:E‘/ | "
5 strands 0.5" |5 strands 0.5
R A within plastic duct ]
inspection hole

inspection hole

unbonded strands
Bonded strands
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OVERLOAD WITH ADDED STEEL BLOCKS ON THE BEAM

line of beam support
line of beam support

- \ . . .
250 jack to apply live load at UniME 30

700
800

TOP VIEW OF BEAM WITH ADDITIONAL STEEL BLOCKS -> 7+7 blocks for an overall overload equal to 2184 kg

steel block 156 kg each

steel block (156 kg each)
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prestressed concrete beam
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Simulation of the effect of
transverse diaphragms

analytical condition
JAN sy L, AN

k is calibrated to obtain Ryigpnragm = 0.3

TR1 =035 TRZ =035

T Rdmphmgm =03

Lzliuphru_{jm =20m

laboratory condition

lRa‘.Ealeragm =03

A s A

Ld{'nphrngm =20m
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0= Rdiu;phragm 48 - Egeer 'J’Prufile =4 I:> ]profile = PRS0
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SENSORS’ CONFIGURATION

MEMS (3D Accelerometer + 2D inclinometer)

I
I Piezoelectric sensor PCB (1D Accelerometer)
I

LVDT (for deflection measurements) + crack meters
LASER (for deflection measurements)
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SENSORS’ CONFIGURATION

MEMS (3D Accelerometer + 2D inclinometer)
Piezoelectric sensor PCB (1D Accelerometer)
LVDT (for deflection measurements) + crack meters
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I LASER (for deflection measurements)
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Test Matrix: Bonded & Unbonded Prestressed
Beams: Tendon-Cut Damage Scenarios
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T . . 800 “r
L —w—wdnspection hole at L/3 1t
T ; — s
—t mspectgméﬁok at L2

I iy | 1 1 I ]
i ol T i
[ il Il il 1

T 800 T
20 s oy * 20
= R [nspection hole at L/4 e
”I: ! Wi EhE 1 Y
i 800 T
T —wsw—nspection hole at /3
9 | S| y/ |
. T
20 20
i]: i j i i
'%i"_""""""""_r_?r"r_g?_f\"_"r"______;Lf_ﬂ__# ____________________ TRATTO TREFOLO INCUANA T :‘ L
|ADERENTE Li/ BRI A ERENTE \L
. J }
e — T ?TTE:_T""r""""ihﬂ"—rr ____________________ TRATTO TREFOLC GUAA r_""_"_"_fT—mE:«'L
|POERENTE : R »x::E:E;::,TE \L
! o }
'%i""""""_""__7§;?r?77g?-177\71777_""";Lhﬂ"—w ____________________ T_F:(:'_T_FE_F’_LA_'_\‘T"_i?\:j____________“gT—'\’E:’lL
L"—k’E"E‘f‘\TE‘ L,, XATTO TREFOLO TNGUATA Ty > TREFOLO INGUAINATC TRATTO T \L
I 700 -

Bonded Beams

First set: with two-tendon cut
damage scenario

D L 4 2 with 2 cuts

D _L 3 2 with 2 cuts

D L 2 2 with 2 cuts

Bonded Beams
Second set: with three tendon
cut damage scenario
D L 4 3 with 3 cuts
D L 3 3 with 3 cuts
D _L 2 3 with 3 cuts

Unbonded Beams
Third set: damage scenario
UB_UD without damage
UB _1 with one strand cut
UB_2 with two strand cuts
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LOADING CONFIGURATION FOR SLS

Damage simulation at serviceability conditions
with transverse beam

15 15

1 i t
. 1° cut ISkN loading & . 20 cut
dynamic test> TR ... unloading, dynamic test / |= N
e © o o: @ e © o:e0:e
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Repeat for the second
inspection hole (2+2 cuts)
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LOADING CONFIGURATION FOR ULS

Damage simulation at ultimate limit states
w/o transverse beam
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LOADING CONFIGURATION FOR ULS

Damage simulation at ultimate limit states
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LOADING CONFIGURATION FOR ULS
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Frist se’cV

Force-Displacement Curves for Beams with two strand cuts damage scenario
] | | | I | | I I

g
X 179.537
.- Y 89.5506 | —
X 143.805 N
Y 81.5517 |

X 130.544 —
Y 64.571

Force (kN)

—
Y 49.0296 —

——Beam Damaged at L/2
——Beam Damaged at L/3
~———Beam Damaged at L/4

—Undamaged
| | | | | | | | J 1

0 20 40 60 80 100 120 140 160 180
Mid span Displacement (mm)

Disp @ Pyux (mm) Ap (%) Adisp (%)
Undamaged (UD) 89.55 179.12 -
DLA42 81.56 143.55 -8.9 -19.9
DL32 64.71 129.39 -27.7 -27.8
DL22 49.27 103.13 -45.0 -42.4
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Second set'

Force-Displacement Curves
I [

for Beams with cutting three strands
[ I [

I
s0r s
50 X 80.4051 \ 7
240 - T :
930 - ~—
e
220 ]
10 - —Beam Damaged at L/2| |
—Beam Damaged at L/3
0 —Beam Damaged at L/4 -
l I | | | | |
0 20 40 60 80 100 120 140

Mid span Displacement (mm)

Beam ID Adisp (%)
Undamaged (UD) 89.55 179.12 -

DLA43 61.82 99.70 -30.96 -44.33

DL33 42.92 80.40 -52.07 -55.11

DL23 30.73 117.78 -65.68 -34.24
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Comparison of the Force-Displacement
Response at Mid-Span for Two Different
Damage Scenarios : Frist & Second set

Disp @ Pyux (mm) Adisp (%)
Undamaged (UD) 89.55 179.12 -

DL42 81.56 143.55 -8.9 -19.9
DL43 61.82 99.70 -30.96 -44.33
DL32 64.71 129.39 -27.7 -27.8
DL33 42.92 80.40 -52.07 -55.11
DL22 49.27 103.13 -45.0 -42.4

| DL22 30.73 117.78 -65.68 -34.24

21
12 gennaio 2026




Force-Displacement Curves for unbonded beams with damage scenarios
\ I

70 I I [
X181.53% —Two cuts
Y 60.690 ——One cut
60— : ——Undamaged | —
50 =
Z 40 ]
=
o X119.94
g 30_ | Y 28.516 _
LL T
201 =
10 =
0 _
| \ \ | | | |
0 50 100 150 200 250 300 350
Mid span Displacement (mm)
Beam ID  Adisp (%)
Undamaged (UD) 89.55 179.12 -
UB_UD 60.69 181.53 -32.22 +1.34
UB 1 43.07 111.33 -29.03 -38.67
UB 2 28.51 119.94 -53.02 -33.92
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Tilt derived deflection profile validation with
Lasers and LVDT

Lasers
——LVDT (mid-span)
Tilt profile after 1st cut

™ ( —— Tilt profile after 2nd cut
- "5 ———Tilt profile after 3rd cut

L — 3
.. ’ ’ ’ Tilt profile after 4th cut

—— Tilt profile after 5th cut

Tilt profile after 6th cut

Deflection (mm)
|
77
d
§
"

Ist cut - N ’
2nd cut ; = i ’
3rd cut L[N\\
\ 700
= L5 = 600
4th cut 500
400
Sth cut 300
Sequence of damage 6th cut 100 200
0 Beam position (cm)
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Tilt derived deflection profile validation with

Lasers and LVDT

-2.71 mm
-2.88 mm
6.3%
-2.84 mm
2.1%
-2.92mm
6.6%
-2.98 mm
4.2%
-3.06 mm
7.4%
-3.18 mm
6.0%

MAPE (%) 5.4%

-4.53 mm
-4.39 mm
3.1%

-4.30 mm

-4.38 mm
1.9%

-4.53 mm

-4.50 mm
0.7%

-4.83 mm

-4.57 mm
5.4%

-5.13 mm

-4.73 mm
7.8%

-5.23 mm

-4.96 mm
5.2%
4.0%

-5.08 mm
-5.16 mm
1.6%

-5.11T mm

-5.19 mMm
1.6%

-5.29 mm

-5.37 mm
1.5%

-5.44 mm

-5.47 mm
0.6%

-5.71T mm

-5.78 mm
1.2%

-5.98 mm

-6.11T mm
2.2%
1.5%

-4.45 mm
-4.68 mm
5.2%

-4.59 mm

-4.79 mm
4.4%

-4.71 mm

-5.05 mm
7.2%

-5.04 mm

-5.29 mm
5.0%

-5.41 mm

-5.74 mm
6.1%

-5.97 mm

-6.20 mm
3.9%
5.3%

-3.11 mm
-3.24 mm
4.1%

-3.16 mm

-3.35 mm
6.0%

-3.56 mm

-3.65 mm
2.5%

-3.66 mm

-3.92 mm
7.1%

-4.26 mm

-4.36 mm
2.4%

-4.66 mm

-4.72 mm
1.3%
3.9%

v e

Laser A(1.4m) Laser B (2.4m) LVDT (3.5m) Laser D (4.6m) Laser E (5.6m)
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D L _3 3 deflection profile from tilt during loading of 15 kN
at mid-span (a) and unloading (b)

Undamaged
= =[sicut
—=-—2nd cut

—dth cut

=— =—5th cut

—6th cut

O Undamaged max -3.94 mm at 3.51 m
0O sl cul max -5.39 mm at 3.66 m

A 2nd cut max -5.38 mm at 3.69 m

¢ 3rd cut max -5.73 mm at 3.85 m

* 4thcutmax -5.82 mmat3.91 m

% 5th cut max -6.32 mm at 4.10 m
(o]
[}

Deflection u [mm]

6th cut max -6.67 mm at 4.17 m
Damage locations

Undamaged
= = Ist cut
—==—2nd cut
------ 3rd cut
. ——4th cut
............. — = 5th cut
g —6th cut
O Undamaged max -0.11 mm at 3.55 m
O Ist cut max -0.33 mm at 4.63 m
2nd cut max -0.36 mm at 4.62 m
¢ 3rd cut max -0.76 mm at 4.73 m
*  4th cut max -0.92 mm at 4.67 m
% 5th cut max -1.45 mm at 4.70 m
(o]
[ |

!
=~
Lh

.
-----
..........
--------------

Deflection u [mm]
>

]
—
th

6th cul max -1.72 mm at 4.67 m
Damage locations

| | |
0 | 2 3 4 5 6 7
Beam Length [m]
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D _L_4 3 deflection profile from tilt during loading of 15
kN at mid-span (a) and unloading (b)

Undamaged
— —Istcut
—==—2nd cut

—d4th cut

— —5th cut

——6th cut

0 Undamaged max -3.94 mm at 3.51 m
0O lstcuftmax -3.17 mm at 3.63 m

& Indeutmax -5.22 mmat 3.7l m

¢ 3rd cut max -5.4]1 mm at 3.76 m

#  4th cul max -5.54 mm at 3.91 m

% Sthcut max -5.91 mm at 4.05 m
[a]
]

Deflection u [mm]

6th cut max -6.33 mm at 4. 18 m
Damage locations

Undamaged
— = | st cut
—-=—2nd cut
------ 3rd cut
—4th cut
= == 5th cut
—6th cut
O Undamaged max -0.11 mm at 3.55m
0O Istcut max -0.28 mmat 5.13 m
A 2nd cut max -0.41 mm at 4.98 m
¢ 3rd cut max -0.69 mm at 5.23 m
* 4dtheut max -0.95 mmat 5.11 m
% Stheut max -1.46 mm at 5.19 m
[e]
[}

[
e
Lh

Deflection u [mm]

1
.
Lh

6th cut max -1.8] mm at 5.10 m
Damage locations

2 3 4 5 6 7
Beam Length [m]
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D L 2 3 deflection profile from tilt during loading of 15 kN

Deflection u [mm)]

Deflection u [mm]

at mid-span (a) and unloading (b)

i
f=

Undamaged
— —lstcut
—==—12nd cut

0 | 2 3 4
Beam Length [m]

A
(=
|

""" 3rd cut

—4th cut

— =—5th cut

—6th cut
0 Undamaged max -3.94 mm at 3.5l m
O lstcutmax-5.68 mmat 3.5l m
A 2nd cut max -5.83 mm at 3.50 m
¢ 3rd cut max -6.21 mm at 3.52 m
* 4th cul max -6.55 mm at 3.50 m
% Sthceutmax -7.11 mmat3.51 m
O 6th cut max -7.48 mm at 3.50 m
= Damage locations

Undamaged

= = sl cut

—-—2nd cut

------ 3rd cut

—4th cut

— =5th cut

—6th cut
© Undamaged max -0.11 mm at 3.55m
0 st cut max -0.40 mm at 3.51 m
A 2pd cut max -0.5] mm at 3.55 m
¢ 3rd cut max -0.87 mm at 3.52 m
* 4theutmax-1.18 mmat 3.5l m
% 5Sth cut max -1.60 mm at 3.51 m
©  6th cul max -1.93 mm at 3.52 m
®  Damage locations
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Comparison of the residual deflection and related
location for the second damage scenario with
increasing damage

D_L/2 3damage atx = 3.5m D_L/3_3damage atx = 4.67m D_L/4 3damage atx = 5.25m
Damage/Beam

type

Ures' (Mm) Xmax () Ures' (Mm) Xmax () Ures' (Mm) Xmmax (1)
-0.40 3.51 -0.33 4.63 -0.28 5.13
-0.51 3.55 -0.36 4.62 -0.41 4.98
-0.87 3.52 -0.76 4.73 -0.66 5.23
| 1.18 3.51 -0.92 4.67 -0.95 5.11
1.60 3.51 1.45 4.70 1.46 5.19

-1.93 3.52 -1.72 4.67 -1.81 5.10
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NUMERICAL MODELING

extruded view \ [ [ [T
standard view HE AR |
elastic h > —elastic - I I M
N |  0.05h e | I N I I I . .
< 2L o Nonlinear staged construction o
0.05h 0.9h <9 R e i ) .
plastic o ’ analysis in SAP2000 50
-100.
150

Mode shapes of PC beams with steel blocks w/o transverse beam

I Mode1 | Mode-2) |  Mode-3() |  Mode-4 |  Mode5 |
| Enhanced FEM 7.20 8.84 17.96 20.25 43.19

7.17 8.43 18.16 19.54 44.25
FBG-undamaged 7.20 8.72 - 19.46 43.63
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Curvature Damage Factor (CDF)

N Curvature Damage Factor (CDF)
1 y y N is total number of modes
CDF = N Z ‘ Vo,i = Vd, v, is the undamaged curvature mode shape
=1 vy is the damaged curvature mode shape

DAMAGE DETECTION IN BRIDGES USING MODAL CURVATURES: APPLICATION TO A REAL DAMAGE SCENARIO
by G. DE ROECK, M. M. ABDEL WAHAB, 1999, Journal of Sound and Vibration

Slope Damage Factor (SDF)

N
1 N is total number of modes
DF — — L
S N Zl ‘ Yo,i = Vd,i vl is the undamaged slope mode shape
1=

vy is the damaged slope mode shape
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Time History of accelerations for MEMS & PCB

Acceleration (m/s?

Acceleration (m/s?)

D

MEMS

Alter detrending
0.5
|
| -*——'\-A—u__ I _.-‘I k" . — - S —_— ’\-.;____,.._...-.. -~ B

0-0 -—— w——-—wr" . \ r{" '.!"V__"_'_"—'-..V e P W——M - -

—0.5 l'
100 200 300 400 500 600 700
Time (s)
After detrending
0.5 j
0.01—== - e r— - : > *A‘— S o =
' T v T T ' " ‘\f P
—=0.5 ¥
0 100 200 300 400 500
Time (s)
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PSD comparison

MEMS PCB

10log (PSD) 10log (PSD)

) )
= =
% :
g -80 A
£ . &
é -100 o
w ] t%'
e —
Jab] 1 2]
£ —120 z
%a _ &4 —100 -
g g
—140-
] —120 -
—-160 -
20 40 60 80 20 40 60 80
Frequency(Hz) Frequency(Hz)
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SVD of Power Spectral Density (m?/s?)

SVD comparison

MEMS

SVD(PSD)

0.008 A

e

o

o

o
|

=

o

o

-
i

0.002 A

—— Singular value number 1
—— Singular value number 2
—— Singular value number 3

0.000

20

A

40 60 80
Frequency(Hz)

SVD of Power Spectral Density (m?/s?)

PCB

SVD(PSD)

0.010 A

o

=2

o

[ws]
1

o

o

o

o))
1

0.004

0.002 ~

—— Singular value number 1
—— Singular value number 2
—— Singular value number 3

0.000

- A A~

20 40 60
Frequency(Hz)

80
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1%t Bending mode (7.11 Hz)

=
o =g

—-0.5

-1.0

0.5
0.0
—-0.5

-1.0

e  axs-¢ | T —
_— L neal 1z 097 1.00 !g-nqr\‘-?\,}‘
— g: 0,69 77" I I I Z:0.76
'#F,#H”QTEBS I I I I I I :
1 I I I I I I 1
0 100 200 300 400 500 600 700
I ' 1-[][] . ﬂ q? . 1
— Loy @084 FT #0930 727~
'affffﬂifa32 i i I I I i ‘Hﬁ?&&ﬁmni
1 I I I I I I I
0 100 200 300 400 500 600 700

34

12 gennaio 2026



2"d Bending mode (19.31 Hz)

o]

1.0 /’*—\’\‘ axis = z

£ 0.48
0.0 : \ _
-1.0

0 100 200 300 400 500 600 700

==

1.0 —”’/J\ ayis = 7

0.5 z: 0.58
0.0 / i 0.
-0.5 HM“H*;_;HEHL:;;#,#".f

-1.0
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\
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D

3rd Bending mode (43.76 Hz)

MEMS

LU | S5 =3%
03 //\\\"f\ TR
0.0 ' ! i3 %P&m%:&gyfiﬂﬁff I

-0.5 < v
-1.0
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4th Bending mode (69.00 Hz)
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RESULTS AT SLS - MODAL CURVATURE COMPARISON

Mode shape comparison - mode 1 (u_z)
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Bonded beam — Damage at L/2: Curvature CDF for
bending modes
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Bonded beam - Damage at L/3: Curvature CDF‘
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3onded beam — Damage at L/4: Curvature CDF for
bending modes
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R04-3 : Damages in three inspection window
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Serviceability loading unloadingl SkKN_All zones

undamaged — CUT_1 — CUT_2 — CUT_3
-CUT_4 CUT_S CUT_6
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D

Serviceability loading unloading15kN
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Serviceability loading unloading1SkN
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Serviceability loading unloading15kN
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Serviceability loading unloading1SkN
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Serviceability loading 15kN '
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Amir Shamsaddinlou
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