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The NOSA-ITACA code

* NOSA-ITACA is a freeware software package developed by ISTI-CNR. It is a finite element code that combines
NOSA (solver) with the open-source graphic platform SALOME (pre-post processing operations), suitably
modified. It has been specifically implemented to study the static and dynamic behavior of masonry
constructions, using the constitutive equation of masonry-like materials

. NOSA-ITACA is distributed via the http://www.nosaitaca.it/software/

*  NOSA-ITACA library has 35 elements including: beam, truss, shell, 2D, 3D elements

: . » Stress and displacement fields
« Static analysis
|:> « Collapse loads

a * Dynamic analys_ls : * Elastic, cracking and crushing strain
» Thermomechanical analysis : o
* Time-histories
NOSA-ITACA :
» Modal analysis

; * Model Updating

« Standard modal analysis
* Linear perturbation

» Optimization procedures to calibrate the
finite element model using experimental data

v U

 The capability of modelling restoration and consolidation operations makes the code a helpful tool for
maintaining historical buildings
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The NOSA-ITACA code

Il Voltone (The Great Vault), Livorno - Italy (2012-2013)

° San Cerbone Cathedral, Grosseto — Italy (2013)

° The vault of Franchetti Palace, Pisa - Italy (2014)

° The Devil's Bridge, Lucca - Italy (2014)

° The Matilde Donjon, Livorno — Italy (2016-2018)

° Torre Grossa, Siena — Italy (2016-2018)

° Vicari Tower and Town Hall, Florence - Italy (2020)

° Guimaraes castle’s tower keep, Portugal (2020)

Carillon Tower, Castel San Pietro Terme — Italy (2021)

° Guinigi Tower, Lucca - Italy (2022)
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The constitutive equation of masonry-like materials

E infinitesimal strain tensor,

T Cauchy stress tensor,

Ee, Ef, EC elastic, cracking and crushing part of the strain tensor,
C(9) isotropic fourth-order tensor of elastic constants
E(8), v(O) Young ‘s and Poisson’s modulus,

o' (0)>0, 0¢(6)>0 tensile and compressive strength,

a linear coefficient of thermal expansion,

6, 6, absolute and reference temperature
Given E and 6 €[6,,6,] , it is possible to obtain E', E¢, ES, T such that :

co (-0 | = f y
E-a(0-6)1=E°+E+E° T =T(E,6) stressfunction (explicit expression)

T =C(9)[E] DT(E )
derivative of stress
f. _~t — Ec ., c - E )
Ef (T-07(0))=E- (T+o°(0))=0 function with respect to the strain |:> KT
E'-E°=0 tensor (explicit expression)

T-ot(0) € Sym, Ef € Sym*

T+o¢(0) € Sym*, E¢ € Symr

1. Lucchesi, M., Padovani, C., Pasquinelli, G., & Zani, N. (2008). Masonry constructions: mechanical models and numerical applications.
Springer Science & Business Media

2. Pellegrini, D. (2024). Thermo-mechanical analyses of masonry structures in fire conditions. Finite Elements in Analysis and Design,
234, 104128.
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The San Francesco church, Lucca (ltaly)

ST

70 m

Girardi, M., Padovani, C., & Pasquinelli, G. (2013). Numerical modelling of the static and seismic behaviour of historical buildings: the
church of San Francesco in Lucca. In Proceedings of the Fourteenth International Conference on Civil, Structural and Environmental

Engineering Computing”, Civil-Comp Press, Stirlingshire, UK, Paper (Vol. 80).
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The San Francesco church, Lucca (Italy)

The southern wall presented large out-of-plane deflections and extensive cracks over the windows and
near the facade
O

-..4.:.

19m

» Reinforcement operations, mainly aimed at improving the quality of the masonry and the connections

between the walls, were conducted in 2013.
» Because of the slenderness of the nave walls, it was decided to increase the building’s resistance to

horizontal actions.
 Thus, a metal framework was constructed at roof level to brace the structure

XX

Numerical simulations were conducted to assess the efficiency of the reinforcement operations
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The San Francesco church, Lucca (ltaly)

Analysis of the church subjected to the permanent loads without reinforcement

Finite element model:

- thick shell and beam elements;

- foundations are assumed to rest
on a Winkler spring bed:;

- off-plumb deformation of the
southern wall has been carefully
modelled in the mesh, as have the
reinforcement operations on the
construction
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The southern wall fracture strain
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The San Francesco church, Lucca (Italy)

The church is subjected to the permanent loads and horizontal out-of-plane loads modelling seismic
actions

4,.6576-10
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The San Francesco church, Lucca (Italy)

| Fracture strain without strengthening intervention |

D 3. 47T0=0%

3,2450-00

] 1.662e-02
= 1.551e-02
| 1.440e-02
I 1. 3%0e-02 2.0120-032
1,219e-02 2. 782003
1, 1oka-03 2.5500-03
8,9720-03 2.318a-03
2,006e- 07

1,8%40-00

560803

| 5.0650-03

4.432e-03

3.7990-03

i = f”
The figures highlight the benefits of the reinforcements, which reduced the values of the fracture strain and the
extension of the cracked regions
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Ambient vibration test and Finite Element Model Updating

In order to assess the structural behaviour of historical monuments, numerical model can be integrated
by experimental tests.

In the ambient vibration tests the vibrations induced by natural and anthropic sources (earthquakes, wind,
traffic, crowd movements, etc. ) are recorded via a sensor network (accelerometers, velocimeters)
installed on the historical building and processed to obtain the dynamic properties of the structure, such
as frequencies and mode shapes.

» Sensors Network

Pre-processing Data acquisition and

| Pre-processing System

=

Modeling,
Dynamic Analysis,
Optimal Sensor,
Placement

," Data Analysis and Post-processing
i ® System identification

| * Finite element model updating

i ® Damage detection/diagnosis
e

\

N

Future structural response
prediction
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Ambient vibration test and Finite Element Model Updating

The goal of model updating is to determine the unknown parameters of a structure (material
properties, boundary conditions, etc.) by matching numerical and experimental frequencies
and mode shapes of a structure (Inverse problem)

« Measurement of g experimental frequencies ﬂ and mode shapes Vv,
» Construction of a Finite Element model

« Unknown parameters vector x

K =K(x), M =M(x) xeR', Q=[a,b]x[a,b]x...x[a,,b]
2 Frequencies f (x) and mode shapes v(Xx)
K®)v(x) = o (x)M(x)v(x) :> of the FE model (modal analysis)

Minimize the objective function (NLSP)

00 =22 [ /= 760 | v [1- 10T
-

[ :VI\
Optimal value of parameter x

\_Y_I i

|
_ I

frequencies I mode shapes
I
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Ambient vibration test and Finite Element Model Updating

The numerical procedure implemented in NOSA-ITACA to minimize the objective function
IS based on

» model reduction (Lanczos based projection) to reduce FE size to a more manageable

order

e trust region scheme

The algorithm is characterized by high efficiency (large FE models) and provides information
on the reliability of the solution.

In many applications reported in the literature, the FE code is used as black box by a general-
purpose optimizer (fmincon, GA, etc.)

The calibrated FE model can be used for further static and dynamic analyses

1. Girardi, M., Padovani, C., Pellegrini, D., Porcelli, M., & Robol, L. (2020). Finite element model updating for structural applications.
Journal of Computational and Applied Mathematics, 370, 112675.

2. M. Girardi, C. Padovani, D. Pellegrini, L. Robol (2019). “Model Updating Procedure to Enhance Structural Analysis in FE Code NOSA.-
ITACA”. Journal of Performance of Constructed Facilities (ASCE), 33(4).

3. Girardi, M., Padovani, C., Pellegrini, D., & Robol, L. (2021). A finite element model updating method based on global optimization.
Mechanical Systems and Signal Processing, 152, 107372.
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Ambient vibration test and Finite Element Model Updating

Case study: the Clock Tower, Lucca (Italy)

~— | Bell chamber
Material 1

Stone blocks and bricks

\ Tower

Material 2

Stone blocks

Finite element model:
Four experimental frequencies and mode shape have been 11383 8-node brick elements
calculated during a monitoring campaign in 2016 45511 degrees of freedom
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Ambient vibration test and Finite Element Model Updating

Case study: the Clock Tower, Lucca (Italy)

q " 2 N
h(x) = Zuf [f; - jj(x)] +W,,, [l = 'yl.(x)]

7

g=4 w; = i, = l_.. 4, ws =wg =0.1,w; = wg = 0.

p; = 1,700 kg/m?, P = 2,100 kg/m? Poisson’s ratio 0.2
X =k, X=E, | GPa<E <6 GPa, 1GPa<E,<6GPa

Ejon = 1.9288 GPa) |Esqy = 3.0451 GPa

Young’s modulus of full Young’s modulus of
bricks and lime mortar stone masonry
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Ambient vibration test and Finite Element Model Updating

Case study: the Clock Tower, Lucca (Italy)

Plot of objective function
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Ambient vibration test and Finite Element Model Updating

Case study: the Clock Tower, Lucca (Italy)

Experimental Numerical Relative
Mode [requencies [requencies errors
shape (Hz) (Hz) (%) o7
| 1.05 1.0440 0.57 0.9862
2 1.3 1.3129 0.99 0.9782
3 4.19 4.1884 0.04 0.2731
4 4.50 4.4522 1.06 0.8950
RM GPO
Numerical frequencies (Hz)
1.0440 1.0441
1.3129 [.3130
4.1884 4.2067
4.4522 44611
Optimal parameters (GPa)
E; = 1.9288 E; = 1.9309
Computation times (s)
27.15 175.41
RM=Procedure implemented GPO= General Purpose Optimizer (using
in NOSA-ITACA NOSA-ITACA as a black box and the SPQ

solver of Matlab)
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Linear perturbation analysis and structural health monitoring

e In recent years, continuous long term vibration monitoring turned out to be an effective non-
destructive technique to investigate the dynamic behaviour and check the health status of historical
buildings.

e Long-term monitoring campaigns have shown that changes in the dynamic properties of a building,
such as frequencies and mode shapes, can represent effective damage indicators.

» Experimental frequencies are sensitive to environmental events and structural changes.
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* Gentile, C., Guidobaldi, M., & Saisi, A. (2016). One-year dynamic monitoring of a historic tower: damage detection under changing
environment. Meccanica, 51(11), 2873-2889.
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Linear perturbation analysis and structural health monitoring

The goal of linear perturbation analysis is to model the influence of the nonlinear behaviour of masonry
materials and the presence of cracks on the dynamical properties of a masonry structure

The method implemented in NOSA-ITACA consists of two steps:

Step 1. the prescribed loads and boundary conditions are applied to the FE model and the resulting
nonlinear equilibrium problem is solved through an iterative scheme.

Step 2. a modal analysis about the equilibrium solution is performed, by using the tangent stiffness
matrix Ky calculated in the last iteration before convergence is reached.

Kiv=w?Mv

The procedure can provides for more realistic simulations of the dynamic behaviour of masonry structures in
the presence of cracks and, when combined with experimental data, can be helpful in assessing damage.
Moreover, the dependence of the natural frequencies on external loads (both mechanical and thermal) can be
assessed and used to interpret data from long-term monitoring campaigns.

Girardi, M., Padovani, C., & Pellegrini, D. (2019). Modal analysis of masonry structures. Mathematics and Mechanics of Solids, 24(3), 616-636.
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Linear perturbation analysis and structural health monitoring

Linear perturbation analysis conducted on the San Frediano bell tower (Lucca, Italy) considering the
temperature variations experimented by the structure during the monitoring period (October 2015 -

October 2016).

=
)
P
£ 1.06 " NOSA-ITACA results
=
g 102 ) ° Experimental frequency f;
-5 1] 5 l.{r 13 EIEJ 25 30 33
Temperature [°C]
145
143
1.41
139
o) we B37 92
- o
= -
ha ] 133
E 1.31
3
2 1.29
@ 57
= 12
-5 - ] ﬁ 10 15 20 25 30 35

Temperature [°C]  ®  NOSA-ITACA results

o Experimental frequency f,
Azzara RM, Girardi M, lafolla V, Padovani C and Pellegrini D (2020). Long-Term Dynamic Monitoring of Medieval Masonry Towers.
Front. Built Environ. 6:9. doi: 10.3389/fbuil.2020.00009
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Linear perturbation analysis and structural health monitoring

Mogadouro clock tower, Portugal, XVI century

1 1
Mode | fiex[H2Z)1 . .
1 : J;:";" Z]i Linear perturbation approach

- I - - - -

2 i 258 1 1. Solution to the equilibrium problem
3 ! 498 | -
P i e 74 i 2. Modal analysis

1

1

Experimental ) )
frequencies Model calibration

Optimal values of the material mechanical properties before rehabilitation.

Mat.n* Tower’s portion olkg/m?* E[GPa] o,[kPa]
1 (orange) facades South and North (bottom) 2200 2,500 150

2 (green) facades East, West and North (top) 2200 2500 0.0

3 (red) corners 2400 3.500 150
4 (indigo) pillars 2200 1.210 -

5 (grey) roof 2000 0.195 -

6 (cyan) foundation 2200 3.500 -
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Linear perturbation analysis and structural health monitoring

/ _
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1.450e-03 ] I 1925003 | 3.625e-04

| 1.400e-03 1.8500-03 3650004
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1.2000-03 1.550¢-03 2.950e-04
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Wi 1.050e-03 BLE 2 1.325e-03 242504
1 1.000e-03 1.250e-03 2.250e-04
9.500e-04 1.175¢-03 2.075e-04
9.000e-04 1.100e-03 1.900e-04
8.500e-04 1.025¢-03 1.7250-04
» 8.000e-04 9.500¢-04 1.5500-04
ik 7.500e-04 8.750e-04 1.375¢-04
& 7.000¢-04 8.0000-04 1.200e-04
6.500€-04 7.2500-04 1.025e-04
6.000e-04 6.5000-04 8.500e-05
5.500¢ 04 5.750e-04 6.750e-05
Z 5.000¢-04 5.000e-04 z 5.000605
West facade North facade East facade
e pp—— R p——
od 1 1 i 1 -
Meode 1 f:etp[“z] 1 1 fm[HZJ 1 Af'-’-_
H
t + - . :
] 1 ] 1
1 |25 po2s 0.00 Before rehabilitation
2 1 258 1 1 2.60 1 -0.78
3 1 498 H 1492 | 1.20
4 1 574 1 1 5.88 1 244

1 1 1 1

] 1 ] 1

1 1 1 1

Same FE mjodel and mechanical propdrties as before
. 1 1 .
Tensile strength = 10 kPa for thei restorediwalls (material 2)

. ] 1 ] 1 .
Experimental 1 1 I I Numerical S .
; +
frequencies | I i | frequencies ! Equilibrium problem + modal analysis
H : H : /
Mode | fieplz] | | finHz) | A%
1 | 256 | | 259 | ~1.17
2 1 276 [ 2715 036 o
3 o715 I g3 | -17.34 After rehabilitation
4 I 886 | 1932 | -519

Pellegrini, D., Girardi, M., Lourenco, P. B., Masciotta, M. G., Mendes, N., Padovani, C., & Ramos, L. F. (2018). Modal analysis of historical
masonry structures: Linear perturbation and software benchmarking. Construction and Building Materials, 189, 1232-1250.
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Non-linear dynamic analysis

Blind and post diction within the framework of the SERA.ta project
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. Finite model updating calibration
. Zero tensile strength

. L’Aquila earthquake as input for the
nonlinear dynamic analysis

forp fipa Mipa
Mode (Hz) (Hz) (90) MAC pa
1 6.15 6.15 0.00 092
2 11.62 18.29 —57.40 0.18
3 19.39 20.02 -3.25 0.71

... = 0.8440 GPa

Crack pattern

Tune t=4.137 s

Tune t = 3.860 s
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Pellegrini, D. (2023). Pre- and Post-Diction Simulation of the Seismic Response of a Masonry Cross Vault Tested on a Shaking Table.
International Journal of Architectural Heritage, 18(12), 1852-1872. https://doi.org/10.1080/15583058.2023.2242812
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Masonry structures in fire conditions

The case study
1000
9200 +
800 -
OU 700 -
? 600 4
z L4 —T81
5 500 7 e
= w0 f -
E 300 —T91
200 s
100 —T94
—average
0 L L L L I
0 10 20 30 40 50 60

time [minutes|

A barrel masonry vault tested in fire conditions by the Italian

AL Fire Department.
To8 -TlTll4-T17 T212 T24-T27 ) _ -
T4TT: 42 The thermo-mechanical analysis, carried out by the NOSA-
T1 & T13-T16 12027 T23-T26

T10 ITACA code, is performed assuming that the displacement
T19¥ T22-T25 gradient, thermal expansion and its derivative with respect to
temperature, strain rate and temperature rate are small. The
thermoelastic equilibrium equations governing the problem are
uncoupled and can be integrated separately.

Daniele Pellegrini, Thermo-mechanical analyses of masonry structures in fire conditions, Finite Elements in Analysis and Design, VVolume
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