IDENTIFICACION DE DANO EN ESTRUCTURAS HISTORICAS MEDIANTE ANALISIS MODAL
OPERACIONAL (OMA)

Victor Compan Cardiel
Escuela Técnica Superior de Arquitectura
Universidad de Sevilla

Top View (-2)
1 12

1 14

L”‘ 15

2

Monasterio de San Jerénimo. Capilla de la Residencia de Capilla de la Jura. Jerez de la
Sevilla Wurzburgo. Alemania Frontera

- - - . ma
IDENTIFICACION DE DANO EN ESTRUCTURAS HISTORICAS MEDIANTE ANALISIS MODAL OPERACIONAL (OMA) 'l '

Victor Compan Cardiel
UNIVERSIDAD

Malaga, 20 de mayo de 2016 DE MALAGA




Lineas de Investigacion

 Analisis Estructural de Edificaciones Historicas

 ldentificacion de sus propiedades dinamicas.
« Ensayos de vibracion ambiental
« Analisis modal operacional
» Actualizacion de modelos de elementos finitos

 Analisis avanzado de estructuras historicas.
* Respuesta no-lineal.

Casos de estudio

« Capilla de la Jura. Jerez de la Frontera
« Monasterio de San Jerénimo. Sevilla
« Capilla de la Residencia de Wurzburgo. Alemania
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Capilla de la Jura. Jerez de |la Frontera

-
-

b i | Dokl a2 Objetivos
24 . ' - Control estructural de la intervencion
- Evaluacion de la intervencion

Tools

-  Modelo de Elementos Finitos
- Test de vibracion ambiental
- Analisis modal operacional <
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Capilla de la Jura. Jerez de |la Frontera
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Capilla de la Jura. Jerez de |la Frontera

Levantamiento tridimensional. Fotogrametria
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Capilla de la Jura. Jerez de |la Frontera

Enhanced Frecuency Domain Decomposition (EFDD)
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Capilla de la Jura. Jerez de |la Frontera

Table 1. Results of the experimental modal analysis tests before the works.

EFDD SSI MAC

f [Hz] & (%) f [Hz] & (%)
Mode1  0.198 3.643 0.201 (1.49) 4621 0.88
Mode2 2977 2.753 2.995 (0.66) 3.003 0.98
Mode3  4.598 1.168 4.417 (3.93) 2.350 0.91
Mode4  6.007 1.843 6.001 (0.10) 4.164 0.89
Mode 5  8.029 0.733 7.828 (2.50) 2.840 0.85
Mode 6 10.38 0.275 10.38 (0.00) 0.951 0.98

The percentage in brackets indicates the relative error taking as a reference the results of the EFDD method
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Capilla de la Jura. Jerez de |la Frontera

Table 1. Results of the experimental modal analysis tests before the works.

EFDD SSI MAC

f [Hz] £(%)  f[Hz) £ (%)
Mode 1 0.198 3.643 0.201 (1.49) 4.621 0.88
Mode 2 2977 2.753 2.995 (0.66) 3.003 0.98
Mode 3 4.598 1.168 4.417 (3.93) 2.350 0.91
Mode 4 6.007 1.843 6.001 (0.10) 4.164 0.89
Mode § 8.029 0.733 7.828 (2.50) 2.840 0.85
Mode 6 10.38 0.275 10.38 (0.00) 0.951 0.98

The percentage 1n brackets indicates the relative error taking as a reference the results of the EFDD method

Table 2. Results of the experimental modal analysis tests after the works.

EFDD SSI MAC

f [Hz] & (%) f [Hz] & (%)
Mode 1 - - - - -
Mode 2 3.238 2.030 3.240 (0.06) 3.336 0.99
Mode 3 4776 0.960 4.772 (0.08) 2.588 0.87
Mode 4 7.205 0.772 7.240 (0.48) 4.823 0.85
Mode 5 9.010 1.794 8.967 (0.47) 3.822 0.81
Mode 6 10.38 0.127 10.38 (0.00) 0.409 0.99

The percentage in brackets indicates the relative error taking as a reference the results of the EFDD method

OMA Technique
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Capilla de la Jura. Jerez de |la Frontera

Table 3. Comparison of modal results.
Natural Frequency [EFDD-Hz]

% Dif.
Before works After works

Mode 1 0.198 - -
Mode 2 2.977 3.238 +8.76
Mode 3 4.598 4776 +3.85
Mode 4 6.007 7.205 +19.94
Mode 5 8.029 9.010 +12.21
Mode 6 10.38 10.38 +0.00
mm Undeformed geometry mm Before works mm After works

Evaluacion de la intervencion estructural
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Monasterio de San Jeronimo. Sevilla

Objetivos

- Andlisis del estado actual de la estructura

- Establece una medicion de referencia para
futuras intervenciones

Herramientas

Modelo de Elementos Finitos
- Test de Vibracion Ambiental

- OMA

- Actualizacion de MEF

- Analisis Estructural
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Monasterio de San Jeronimo. Sevilla
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Monasterio de San Jeronimo. Sevilla
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Monasterio de San Jeronimo. Sevilla

1
1 1
_ (D'll BLU) O]
1= | it Zih =
S — L GENERAL MODES WINGS ssl (F) EFDD (F) % DIF. MAC
> 1 1,3 2,01 2,01 0,00 0,99
P ' 3 1,2,4,48 3,51 3,57 1,68 0,99
- I 4 2,3,38 4,36 4,34 0,46 0,98
| 6 3,4 6,25 6,35 1,57 0,85
WING 4B LOCAL MODES WING ssl (F) EFDD (F) % DIF. MAC
. 1b 2 2,32 2,33 0,43 0,99
2b 2 3,34 3,35 0,30 0,98
. : | 3b 4 5,15 5,08 1,38 0,86
Position of the reference accelerometers in plan. (Green: | 'H
st _ od ab 3 7,22 7,17 0,70 0,85
+6.8 m. (1t floor). Red: +12.2 m. (2" floor))
OMA Technique
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Monasterio de San Jeronimo. Sevilla

Finite Element Model
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Monasterio de San Jeronimo. Sevilla

Finite Element Model
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Monasterio de San Jeronimo. Sevilla

Finite Element Model
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Monasterio de San Jeronimo. Sevilla

Finite Element Model
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Monasterio de San Jeronimo. Sevilla

The FE model is composed by:
- 10.213.161 elements

- 1.967.637 nodes

- 6.113.772 degrees of freedom

Finite Element Model
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Monasterio de San Jeronimo. Sevilla

Mechanical properties of materials in the updated Finite Element Model

] Masonry Filling Vaults Filling Walls Conc. Steel
R
Density
(Kg/m?) 1800 1800 1800 1800 500 1500 2500 7850
Young’s
modulus 950 1000 700 750 500 500 23000 210000
(MPa)
SR 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
Coefficient
BEFORE UPDATING PROCESS AFTER UPDATING PROCESS
GENERAL MODES WINGS F.E.M. EXP. M.* % DIF. Up. F.E.M. EXP. M.* % DIF.
2 1,3,3B,4,4B 3,5 3 16,67 3,13 3 4,33
3 1,2,4,4B 442 3,72 18,82 3,69 3,72 0,81
4 2,3,3B 5,29 4,36 21,33 4.6 4,36 5,5
5 2,4,4B 5,73 4,75 20,63 4,74 4,75 0,21
6 3,4 7,7 6,25 23,20 6,39 6,25 2,24

Experimental Results (1° Mode_Frec.= 2,01)

ion Mode (Y) _ Z=12,20m

~7T
((Dj 'qok)2 —0.99] w.3 FE Model Results (1° Mode_Frec.= 1,93) H
~T *

AiACj- °mode) =
SN G RN

Model Updating process
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Monasterio de San Jeronimo. Sevilla

Mechanical properties of materials in the updated Finite Element Model

] Masonry Filling Vaults Filling Walls Conc. Steel
R
Density
(Kg/m?) 1800 1800 1800 1800 500 1500 2500 7850
Young’s
modulus 950 1000 700 750 500 500 23000 210000
(MPa)
SR 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
Coefficient
BEFORE UPDATING PROCESS AFTER UPDATING PROCESS
GENERAL MODES WINGS F.E.M. EXP. M.* % DIF. Up. F.E.M. EXP. M.* % DIF.
1 1,3 2,2 2,01 9,45 1,93 2,01 3,98
3 , 2,4, 4B 442 3,72 18,82 3,69 3,72 0,81
4 2,3,3B 5,29 4,36 21,33 4.6 4,36 5,5
6 3,4 7,7 6,25 23,20 6,39 6,25 2,24

FE MODEL

Model Updating process
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Monasterio de San Jeronimo. Sevilla

Mechanical properties of materials in the updated Finite Element Model

] Masonry Filling Vaults Filling Walls Conc. Steel
R

Density

1 1 1 1 1 2 7

(Kg/m?) 800 800 800 800 500 500 500 850

Young’s

modulus 950 1000 700 750 500 500 23000 210000
(MPa)

SR 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
Coefficient

BEFORE UPDATING PROCESS AFTER UPDATING PROCESS
GENERAL MODES |  wiNGs F.E.M. EXP. M. * % DIF. Up.F.EM. | EXP. M.* % DIF.
13 2,2 2,01 9,45 1,93 2,01 3,98
T TR T T 124,48 4,42 3,72 18,82 3,69 3,72 To81
T T T4 T T T3 | Ts20 [ 836 | 2133 | 4 [ a3 |T 55 T
5 2,48 | 573 | 4715 | 2063 0,21
6 3,4 7,7 6,25 23,20 6,39 6,25 2,24

W.2 EXP. MODEL

FE MODEL

w.4
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Monasterio de San Jeronimo. Sevilla

Mechanical properties of materials in the updated Finite Element Model

] Masonry Filling Vaults Filling Walls Conc. Steel
] E1 E2 E3 E4
(ngnmsg;v 1800 1800 1800 1800 500 1500 2500 7850
Young’s
modulus 950 1000 700 750 500 500 23000 210000
(MPa)
c o:f%'sf:n']c 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
LOCAL MODES WING Up. F.E.M. EXP. M. * % DIF. MAC
1b 2 2,27 2,32 2,16 0,996
3b 4 51 5,15 0,97 0,782
4b 3 6,81 7,22 5,68 0,752

EXP. MODEL AW FE MODEL

Model Updating process
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Monasterio de San Jeronimo. Sevilla
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Monasterio de San Jeronimo. Sevilla

fl‘n‘,‘

£

:
[ ™ = —- - - .

Compressive stresses

-

AT

Structural Analysis

U, Magnitude (m)

S, Min. Principal

(Avg: 75%) (Pa)

S, Max. Principal
Multiple section point  Multiple section points
(Avg: 75%) (Pa)

+2 100e+05 +4.594e407
+1.000e+05 +1.000e+05 +1.000e+05
+9.167e+04 +9.167e+04 4+9.167e4+04
+8.333e+04 +8.333e+04 +8.333e+04
+7.500e+04 +7.500e+04 +7.500e+04
+6.667e+04 +6.667e+04 +6.667e+04
+5.833e4+04 +5.833e+04 +5.833e+04
+5.000e+04 +5.000e+04 +5.000e+04
+4 167e+04 +4.167e+04 +4.167e+04
+3.333e+04 +3.333e+04 +3.333e+04
+2.500e+04 +2.500e+04 +2.500e+04
+1.667e+04 +1.667e+04 +1.667e+04
+8.333e4+03 +8.333e+03 +8.333e+403
+0.000e+00 +0.000e+00 +0.000e+00

-4 593e+07 —1.040e406

| ]
W |

IDENTIFICACION DE DANO EN ESTRUCTURAS HISTORICAS MEDIANTE ANALISIS MODAL OPERACIONAL (OMA)

Victor Compan Cardiel

Malaga, 20 de mayo de 2016

e

UNIVERSIDAD
DE MALAGA




Monasterio de San Jeronimo. Sevilla

Viewport: 1 ODB: D:/Temp Abaqus/AB_OESTE_Chunk_3_SC_v01.odb Viewport: 2 ODB: D:/Temp Abaqus/AB_OESTE_Chunk_3_SC_v01.odb
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Monasterio de San Jeronimo. Sevilla

Viewport: 1 ODB: D:/Temp Abaqus/AB_OESTE_Chunk_3_SC_v01.odb Viewport: 2 ODB: D:/Temp Abaqus/AB_OESTE_Chunk_3_SC_v01.odb
S, Min. Principal S, Max. Principa
(Avg: 75%) (Avg: 75%)
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-8.003e+05 +4.729e+04
-9.146e+05 +3.547e+04
-1.029e+06 +2.365e+04
-1.143e+06 +1.182e+04
-1.258e+06 +1.000e-03
-1.372e+06 -2.326e+05
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Capilla de |la Residencia de Wurzburgo. Alemania

Objectives
- Analisis structural del estado actual y estudio de su seguridad.
- Establecer un estado de referencia para futuras intervenciones

r—— Herramientas

= = > o - Modelo de Elementos Finitos
i i - Test de Vibracién Ambiental
L a2 ® - OMA
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Capilla de |la Residencia de Wurzburgo. Alemania

Vaults of the Chapel
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Capilla de |la Residencia de Wurzburgo. Alemania

I

SECTION AA'
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Finite Element Model
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Capilla de |la Residencia de Wurzburgo. Alemania

Enhanced Frecuency Domain Decomposition (EFDD)

dB Average of the Normalized Singular Values
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Capilla de |la Residencia de Wurzburgo. Alemania

Table 1. Results OMA: natural frequencies (f). damping ratios (¢) and standard variances (Std).

SSI EFDD MAC
f(Hz) Std.f £(%) StE& f (Hz) std.f & (%) St. &

Model 2.77 0.01 1.12 0.40 2.77(0.0%)  0.01 0.89 (26%)  0.28 0.99

Mode 2 3.28 0.05 1.50 0.68 3.30 (0.6%) 037 0.92 (63%)  1.24 0.87

Mode 3  4.52 0.05 2.36 0.66 446 (1.4%) 0.20 1.79 (32%)  0.91 0.88

Mode 4  5.26 0.03 1.24 0.48 5.25(0.2%) 0.02 0.88 (61%)  0.28 0.90

Mode 5 6.48 0.04 2.04 0.95 6.48 (0.0%)  0.03 1.11 (84%)  0.46 0.82

The percentage in parenthesis indicates the relative error taking as reference the results of the SSI method

S VSl
%

Undeformaded Geometry Ist Mode 2nd Mode A oy N 3rd Mode L 4th Mode 5th Mode

OMA Technique
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Capilla de |la Residencia de Wurzburgo. Alemania
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Table 2. Summary of the results of the FE model updating process: parameters.

Inertia/mass

E MASONRY
Updating Parameter  Initial Value Optimizing interval of values Updated Value
Lower bound Upper bound Spring/stiffness
En (MPa) 1200 700 2000 921
E: (MPa) 2500 1500 3500 2710
E STONE
Sp (KIN/m) 9000 6000 12000 10800
I (Kg/m’) 4000 2000 6000 4680
= Best: 0.00489574 Mean: 0.00490658
. . . . . . 10
Table 3. Comparison of frequencies (Hz) obtained experimentally (ferpp) and analytically (frem). ot
BA |
Modes FerpD f (tnitial FEM) f FEM UPDATED) MAC Value (ferpp-frev vpDATED) al
Mode 1 2.77 2.59 (6.5%) 2.79 (0.71 %) 0.99 E 7ar +
E r +*
Mode 2 3.30 3.04 (7.9%) 3.29 (0.30%) 0.96 § . X
= BAF .
Mode 3 4.46 4.15 (6.9%) 4.43 (0.67%) 0.93 BF ** . .
The percentage in parenthesis indicates the relative error taking as reference the results of the EFDD method. 28y eeeees -
Sk ’***++¢¢+¢:,,::gtt‘*.‘
0 5 10 15 20 25 30 35 40 45
Stop Generation

Modal Updating process
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Maximum load factor = 4.84 g (Gravity) ﬁ\,.ﬁ/“'/\ W,\/\ %

Tensile behaviour

Reloading

|
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Compressive behaviour

Gravity factor

Vertical displacement (m)

Non-linear Structural Analysis
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PEEQT
(Avg: 75%)

+1.192e+00
+2.000e-02
+1.833e-02
+1.667e-02
+1.500e-02
tia7e05
+1. e-
7 B 1 1000e-02
£ +8.3346-03

+6.667e-03
+5.001e-03
+3.334e-03
X - +1.668e-03
+1.000e-06
+0.000e+00

Non-linear Structural Analysis.
Crack pattern.
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PEEQT
(Avg: 75%)

+6.700e-03
+5.875e-03
+5.050e-03
+4.225e-03
+3.400e-03
4+2.575e-03
+1.750e-03
+9.250e-04
+1.000e-04
+0.000e+00

Non-linear Structural Analysis.
Crack pattern.
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Gracias por su atencion
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