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Abstract

Evolution of technologies both in the fields of in situ investigations and Finite Element (FE)
modeling strongly enhanced the possibility to understand the structural dynamic behavior of
masonry historical constructions, allowing a periodic or continuous analysis of their response
to environmental, anthropic, and exceptional actions and the formulation of accurate hypoth-
eses about their future behavior, which is fundamental for Cultural Heritage preservation. In
order to improve the assessment of the health status of historical buildings, inverse methods
re-sorting to dynamic identification techniques are often used to provide experimentally veri-
fied data for the accurate calibration of FE models representative of the investigated struc-
tures.

In this paper, vibration-based identification methods are coupled with an automatic FE model
updating procedure to study the dynamic behavior of the Civic Tower of Ostra, Italy, and ob-
tain baseline information for future comparative analyses. The experimental data obtained
from two different campaigns of ambient vibration tests are used to update the mechanical
characteristics of the detailed FE model of the tower. The updating process, unsolvable via
common calibration procedures, is automatically managed through a powerful bio-inspired
tool, i.e. the Genetic Algorithm (GA), allowing to closely reproduce the actual behavior of the
tower.
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1 INTRODUCTION

Masonry towers are one of the most widespread structural typologies among the various
Italian Cultural Heritage (CH) buildings. The intrinsic characteristics and peculiarities of
these artefacts make them unique objects but, at the same time, render these structures par-
ticularly vulnerable against seismic events [1-6], sometimes in irreparable way. Due to the
historical, social and economic importance that CH plays in many countries of the world, it is
crucial to guarantee appropriate maintenance plans and to undertake regular preventive ac-
tions in order to avoid irreversible damages to these iconic structures, and to historical build-
ings in general.

Early damage detection should be one of the primary tasks to ensure the integrity of an-
cient buildings and the safety of their users. To this end, several non-destructive techniques
relying on the observation of the dynamic behavior of these structures, commonly known un-
der the expression “Structural Health Monitoring (SHM)”, have been developed in the last
decades [7-11]. Among these techniques, those exploiting vibration-based monitoring tools
can be of great help in terms of dynamic characterization of heritage towers, allowing to im-
prove the knowledge of the global behavior of these structures without resorting to any inva-
sive method, which is necessary when the historical value of the construction must be respect-
ed. To this end, a grid of sensors, each one communicating with a central processing unit
through wires or wirelessly, can be deployed across the structure and used to collect the vibra-
tion response of the system to ambient excitations. Such data are then post-processed to de-
termine the modal parameters of the structure in operational conditions, applying the method-
ologies of Operational Modal Analysis (OMA). As widely known, modal features, if tracked
on a regular basis, can provide useful information for the evaluation of the health status of the
structures over time, also allowing the detection of possible changes associated to their dy-
namic behavior in case of exceptional events [12] as well as the estimation of future structural
scenarios.

With the aim of providing reliable experimental data for the calibration of realistic numeri-
cal models (NMs), closely representative of the investigated buildings, ambient vibration test-
ing (AVT) is often coupled with another essential tool in the dynamic assessment of historical
structures: the Finite Element (FE) modeling. Various examples of synergy between these two
techniques can be found in the literature [8,13,14], where the results obtained from OMA are
employed in the process of FE model updating so that the unknown parameters of the struc-
ture (such as material properties, boundary conditions, quality of connections between ele-
ments, etc.) are iteratively updated until the difference between experimental and numerical
modal results is minimized. This operation, if performed manually [15], as it often happens,
can result unwieldy and onerous from a computational standpoint, making difficult to attain a
precise calibration of the model in case of large and multi-dimensional problems. In order to
overcome this limitation, a methodology for the automatic modal-based updating of Finite
Element (FE) models is proposed hereafter making use of genetic algorithms.

The genetic algorithm (GA) is one of the oldest and most known metaheuristics used for
optimization purposes [16—18]. The search for the solution space mimics, in a sense, the Dar-
winian theory of species evolution. In the present work, a GA provided by the open-source FE
solver Code Aster is properly exploited to automatically calibrate the elastic properties of the
materials assigned to the model of the Clock Tower of Ostra, an emblematic historical tower
located in Central Italy. To analyze in depth the GA potential, different mesh refinements of
the tower’s geometry are examined along with the adoption of an isotropic constitutive law
for the materials [19-24].
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2  DESCRIPTION OF THE CASE STUDY: OSTRA CIVIC TOWER

The Civic Tower of Ostra (Figure 1), also known as “Clock Tower”, is the most character-
istic historical structure located in the homonymous village of the Marche region, Central Ita-
ly.

Originally built in 1552 to serve as bell tower the adjacent church of San Giovanni (no
longer existing today) and severely damaged during the aerial bombardments of 1944, in the
second half of the XX century the Civic Tower underwent a profound intervention aimed at
reinstating its sound condition. The works included the strengthening of the uncovered foun-
dation and of the base walls as well as the restoration of some parts of the external walls and
of the battlement, damaged by the bursts of artillery bullets.

Figure 1: Ostra Civic Tower: localization and external view.

2.1 Geometrical and material survey

The Ostra tower is a 30 m high masonry structure featuring four main parts: basement, cen-
tral body or shaft, belfry, and top roof (Figure 2).
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Figure 2: Geometrical survey of the investigated tower.

The basement resembles a truncated pyramid with a lower base of approximately 7.30 x
7.50 m2 and an upper base of 5.30 x 5.60 m2. This part is characterized by massive walls with
outer brick wythes and develops upwards for a height of 9.95 m, ending with an embattled
balcony. The shaft, partially reconstructed, starts from this height and keeps the same quadri-
lateral cross-section for additional 9.50 m. Then, at the level of the belfry, the tower’s cross-
section dimensions slightly reduce and remain unchanged till the top enlargement of the bat-
tlement. Likewise, the thickness of the brick masonry walls of both shaft and belfry progres-
sively decreases upwards, passing from 1.1 m of the first floor to 0.6 m of the last floor.

The entrance door is located at the ground level, in correspondence of the main fagade
which overlooks Piazza dei Martiri. Five additional floors can be distinguished along the tow-
er height: the first three are connected through spiral staircases, whereas the fourth (rebuilt in
reinforced concrete during the intervention) and the last floor are accessible by means of an
iron ladder. The clock mechanism is located on the second floor, while the bell is placed at the
third level, being visible through the arch openings of the perimetral walls.

3 AMBIENT VIBRATION TESTING

Ambient vibration testing (AVT) has become a common technique in the world of non-
destructive experimental characterization of the global behavior of historical constructions
[13,25]: indeed, studying the full-scale response of structures to environmental and anthropic
actions in real operational conditions, namely without interrupting the normal use of the
building and based on its true boundary conditions, results extremely advantageous for many
rea-sons, which go far beyond the economic aspects [11]. Moreover, the non-invasive charac-
ter of the experiment makes AVTs particularly suited for CH buildings, as proven by the nu-
merous works that in the last years have shown the potentialities of vibration-based
monitoring through accelerometric sensors in the study of the dynamic behavior of historical
buildings, both in the short-term and in the long-term [26,27].
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3.1 Instrumentation, sensor layout and acquisition parameters

Two AVT campaigns were conducted on the Civic Tower of Ostra to assess its dynamic
behavior: the first one on 29th June 2018 and the second one on 22nd February 2019.

The sensor network which was used to acquire the structural vibration response in eight
specific points defined beforehand consisted of four triaxial MEMS-based piezoelectric accel-
erometers (model MonoDAQ-E-gMeter) embedded into a data acquisition device simply con-
nected to the PC by a network cable using EtherCAT protocol. One of the major advantages
of this sensing system is that analog to digital conversion is performed inside the device itself,
thus eliminating any noise pickup in analog cabling. Sensors were placed across four levels
(Figure 4), namely at the height of 9.55 m, 14.90 m, 19.05 m, and 27.65 m. At each level, two
MEMS accelerometers were deployed at opposite corners, thereby allowing to catch also the
expected torsional modes.

To comply with the time-window length requirements [28] and in order to avoid any pos-
sible influence from non-stochastic excitations, the duration set for the signal acquisition was
far greater than 2000 times the structure’s fundamental period: for each setup the registration
lasted around 40 minutes and the nodal processes were recorded with a sampling rate of 1024
Hz, resulting in nearly two and a half million data points per channel.
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Figure 3: Sensor layouts and corresponding acceleration time series for 2018 and 2019 dynamic testing cam-
paigns.

3.2 Operational modal analysis: method and results

The elaboration of the acquired vibration data allowed the construction of an Experimental
Model (EM) of the structure, whose estimated dynamic parameters were subsequently em-
ployed to calibrate the Numerical Model (NM) of the tower in order to realistically reproduce
its structural behavior, as better discussed in the next Section. The dynamic feature extraction
process was carried out and cross-validated through the application of two OMA techniques:
the Enhanced Frequency Domain Decomposition (EFDD) [29] and the Stochastic Subspace
Identification — Principal Components (SSI-PC) [30], both available in the commercial soft-
ware ARTeMIS [31].

Modal frequencies (f), damping ratios (§) and mode shapes of the five vibration modes
identified in each AVT campaign are reported and compared in Table 1 and Figure 4, respec-
tively.
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Mode J[(Eﬁ/; ]8 Eemis [%] ?a/;]g Eemio [%]  Af[%] AE [%] ?&)A]C
ol 2.082 0.817 2.092 0.762 0.478 -7.218 99.2
02 2.156 0.893 2.165 0.787 0.416 -13.469 99.5
03 6.293 0.578 6.302 0.666 0.143 13.213 98.1
o4 6.442 2.423 6.449 3.397 0.109 28.672 99.0
05 6.941 2.463 6.872 2.739 -1.004 10.077 97.1

Table 1: Modal frequencies and damping ratios estimated for EM2018 and EM2019 along with their correspond-
ing percentage variation.

As expected, the first two identified frequency values correspond to the translational
modes of the tower in x and y directions, respectively, thus resulting quite closely spaced
(with a difference of just 3.43% in 2018 and 3.37% in 2019). The other three frequency values
fall in the range 6-7 Hz and correspond to the torsion and double bending modes of the tower.
The frequency results, sensibly higher if compared to commonly studied masonry towers, are
not only affected by the low aspect ratio of the structure (A = 4) but also highlight an elevated
stiffness of the system which is likely imputable to past restoring interventions. No substantial
variation in the dynamic behavior of the structure is recorded during the period elapsed be-
tween the dynamic campaigns.
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Figure 4: Comparison between the mode shapes of EM 2018 (a) and the corresponding ones of EM 2019 (b).
4 AUTOMATIC MODEL UPDATING WITH GENETIC ALGORITHM

4.1 Preliminary FE model and modal analysis results

A FE model of the tower was realized using MidasFea©. This NM was needed in the first
stage to preliminary assess the dynamic characteristics of the tower and drive the setting of
the acquisition parameters for the field-testing campaign.

Particular attention was paid to the geometrical features of the tower as well as to the
modeling of the masonry infill walls present in the first two levels, given the nonnegligible in-
fluence of both aspects in the modal response of the structure. The reinforced concrete floors
were considered as rigid in their plane, while secondary elements, like stairs, deformable
wooden floors, clock mechanism and towers, were not explicitly modelled, but their presence
was taken into account in the form of added masses.
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Figure 5: FE modeling of the Civic Tower of Ostra: (a) Assonometric view, (b) Bottom view at foundation level.

The FE model, shown in Figure 5, consisted of 78926 4-nodes tetrahedral elements and
21726 nodes. The mesh size was established equal to 0.3 m. The tower was assumed to be
clamped at the base and constituted by three groups of homogeneous and isotropic materials
(three-group discretization) whose initial mechanical properties, chosen in accordance to the
Italian Technical Standards for Structures [32], are reported in Table 2.

Material E [MPa] v [-] v [kN/m?]
Masonry 1800 0.20 18
Concrete 18000 0.20 25
Filling 1100 0.20 18

Table 2: Mechanical properties of the initial FE model: Young’s Modulus (E), Poisson’s ratio (v) and mass den-
sity (y).

The results of the preliminary modal analysis, implemented through the Lanczos method
[17,21,33,34], are resumed in Table 3 and Figure 6. A remarkable difference is found among
the frequencies of the EM and those of the NM, being the latter not yet calibrated on the basis
of the experimental outcome.

Eft. Eft.
Mode Mo Mags MaSS femisg fEMI9 |AfEM18-NMO| K/ﬁcEMIS' |AfEM19-NMO| Efﬂ?CEMlg'
[Hz] X dir Y dir [Hz] [Hz] [%] (%] [%] %]
[%] [%] ’ °
ol 1.509 35.80 0.00 2.082 2.092 27.52 77.6 27.87 82.5
02 1.536 0.00 35.72 2.156 2.165 28.76 81.5 29.05 67.2
03 5.012 0.00 0.00 6.293 6.302 20.36 22.1 20.47 2.6
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5.821 21.21 0.00 6.442 6.449 9.64 52.2 9.74 47.6
5.883 0.00 29.38 6.941 6.872 15.24 1.1 14.39 44.7

Table 3: Preliminary numerical results (NMO0) and percentage error with the experimental frequencies (EM)

Analogous considerations can be drawn about the mode shapes (Figure 6), whose main
displacement components are visually correlated with their experimental counterpart — being
the first two modes translational in x and y direction, the third torsional, and the last two dou-
ble bending modes in x and y direction — but a low degree of consistency is found between
them when MAC values are computed (Table 3).

Maode I Mode 2 Mode 3 Maode 4 Maode 5
Translational X Translational ¥ Torsional Bending X Bending Y

Figure 6: Mode shapes of the preliminary FE model.

4.2  Genetic Algorithms

The genetic algorithms (GAs) are heuristic techniques inspired by Darwin’s theory and are
based on the imitation of the natural selection process. These algorithms allow to solve opti-
mization problems through an automatic procedure where the final set of optimal solutions is
iteratively selected from an initial set of candidate solutions, based on their fitness score [35—
38]. As for the present case, the initial population of solutions was represented by all the plau-
sible values of material properties falling within pre-defined upper and lower bounds [17,18].
A two-term objective function considering both frequencies and mode shapes residuals be-
tween EM and NM was employed for the selection of the optimal values.

In order to avoid the limitations imposed by a manual calibration approach, the iterative
process was implemented into Code Aster© software environment. The procedure, summa-
rized in Figure 7, started with the creation of a condensed model, carrying all the dynamic
characteristics of the EM, and with its projection onto the NM. This operation allows scaling
the EM DOFs up to those of the NM and, consequently, the creation of dependencies for cal-
culating the gaps between their nodal displacements.

478



G. Standoli, G.P. Salachoris, M.G. Masciotta and F. Clementi

Initinlization

1S

Material pammeters upper and bower bouds defimition

= Elmtic Bung § Modulns: Eg,
= Proiiomt ¥ renio: Vg,
* Mfass dRsi Y

Preliminary Evaluation

Modal Analysis

- Orthorropie Mareriak:

» Elasic Foumg s Modlins: By, B Erven

Imtial modnl frequencies: fpar
Initial mede shapes: @y

¢ Shear Modulies: rvee- Crre O
= Poisseer s FERE Ve ViTed Ve

o Mass densin Ve

—_ Iterative Model Updating Process e ——
<____ DMITIAL POPULATION >
/" —_— | SRS E——— L | 1 1]
’ﬁwr ANDIDATE EVALUATION H
— *
<7 MUTATION | s .x-:-n.: Lty
S - :EU g 4 OPTIMIZED,
1 el AIODEL |
— — b “._ RESULT ./
< CROSSOVER - r|. = MAC) —
— —T— _— | Beraganin = . A
o~ PROMISING = _Jx
{ CANDIDATES J—X>
\ e SOLUTION : _//

Figure 7: GA-based model updating flowchart.

The model updating process consisted of four phases (objective function, selection, cross-
over, mutation) and stopped only when the global optimum was located. Indeed, one of the
main advantages of GA is the possibility to explore diverse regions of interest by running the
same search problem on different conditions and finally locate the global optimum without
getting trapped in local minima [16,17,39,40]. In the present work, these conditions are
checked by resorting to the following objective function (1):

A \/Z Sy = Fo)

i=1 n

" (1-MAC 2

n

A crossMAC =
i=1

Convergence criteria were satisfied when the residual tolerance of two consecutive steps
reached le-4 or after 1000 evaluations.

5 CALIBRATION PROCESS AND RESULTS

In order to improve control over the model dynamic response and to achieve a better tun-
ing with the experimental data, the calibration process was performed operating a further dis-
cretization of the preliminary NM in terms of material properties distribution, while the mesh
size remained unchanged. This operation was driven by the careful observation of the mason-
ry appearance and morphology across the tower, which ultimately led to a twelve-group dis-
cretization of the updating variables (Figure 8).
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Figure 8: Updating variables for the twelve-group discretization of the FE model. Each material group is named
as “X” followed by a subscript composed by a number (00 to 12), which stands for the group, and a letter indi-
cating the material (“M”: masonry, “C”: concrete, “F”: masonry infill).

For each group, properties were attributed considering an isotropic constitutive law for the
materials, thus leading to a total number of 36 updating variables. The pre-defined ranges of
variability for the material parameters, presented in Table 4, were again assigned in accord-
ance with the Italian Technical Standards for Structures [32].

. E [MPa] v [-] v [kN/m?]
Material Min - Max Min - Max Min - Max
Masonry 600 - 3300 0.01-045 15-20
Filling 600 - 2400 0.01-045 15-20

Concrete 27000 - 32000 0.01-0.45 23-26

Table 4: Lower and upper bounds for isotropic elastic properties

The optimal mechanical properties resulting from the model updating are summarized in
Table 5. It is worth noting that the obtained values, especially the Young’s Moduli, con-
sistent-ly reflect the masonry changes produced by the strengthening interventions that the
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Tower underwent in the past: indeed, E first tends to decrease moving from the basement (re-
stored during the 1950s) to the central body (partially restored) and the belfry, and then in-
creases towards the top part of the tower (added afterwards).

NM 2018 NM 2019
g;;‘i";‘;ﬁir E[MPa] v [] y[KN/m®]  E[MPa] v [-] v [KN/m?]
Xomm 1909 011 s 1616 0.28 s
Xoam 2783 0.10 15 1886 0.15 15
Xosum 851 0.16 15 618 021 15
Xoau 1118 0.18 16 1500 0.14 18
Xosu 1202 0.15 15 1417 0.22 15
Xoou 3152 0.17 18 3194 0.18 18
Xorm 3113 021 20 3154 0.16 20
Xosr 2368 0.16 20 2344 0.14 20
Xoom 2623 0.17 18 2491 0.17 18
Xiom 3290 0.23 20 2724 0.27 19
Xiic 27096 0.15 24 28833 0.33 24
Xia 1662 0.19 17 1951 0.27 20

Table 5: Optimal values for the material parameters of the isotropic FE model after calibration

The results of the modal analyses run over 2018 and 2019 NMs, both calibrated through
the automatic GA-based procedure previously described, are exposed in Table 6 and Table 7.
The comparison between EM and NM frequency values is satisfactory, being the relative er-
ror less than 3% in all cases, with the sole exception of the 4th mode that shows a slightly
higher error for the pair EM18-NM18.

Eft. Eff.
Mode femis Mg Mass Mas:s |AfEM18-NM18| MACEwm1s-
[Hz] [Hz] X dir Y dir [%] [%]
[%] [%0]
ol 2.082 2.087 34.14 0.01 0.24 97.9
02 2.156 2.130 0.01 33.53 1.21 97.3
03 6.293 6.274 0.26 0.00 0.30 97.2
o4 6.442 6.654 29.89 0.11 3.29 95.7
(O8] 6.941 6.799 0.12 29.25 2.05 953

Table 6: Comparison between 2018 experimental (EM) and numerical (NM) frequencies

Eft. Eft.
M fEm19 famio Mass Mass |AfEM19-NM19] MACemis-
od [Hz] [Hz] Dlrec- I?lrec- %] NM19
tionX  tionY [%]
[%o] [%]
ol 2.092 2.097 33.94 0.00 0.24 96.5
02 2.165 2.141 0.00 3341 1.11 96.6

03 6.302 6.275 0.41 0.06 0.43 95.7
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04 6.449 6.629 29.22 0.03 2.79 95.8
05 6.872 6.761 0.02 28.48 1.62 95.8

Table 7: Comparison between 2019 experimental (EM) and numerical (NM) frequencies

a) 2018
Mode 1 Mode 2 Mode 3
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Translational X Translational ¥ Torsional Bending X Bending ¥

b) 2019
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B N i |
[ [ @
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Figure 9: Numerical mode shapes after calibration of 2018 NM and 2019 NM.

Mode 5

Very good results are also achieved in terms of mode shapes (Figure 9), as confirmed by
the optimal levels of correlation (MAC > 95%) obtained from the comparison between exper-
imental and calibrated modal vectors, proving the validity and robustness of the GA-based
model updating when tackling optimization problems otherwise ungovernable with conven-
tional approaches.

6 CONCLUSIONS

The paper showed and discussed the results obtained by combining AVT-based dynamic
identification methodologies and FE model updating techniques, through the application of an
automatic procedure based on GA for the assessment of the dynamic behavior of the Ostra
Civic Tower (Italy).

After an initial geometrical and material survey to define the main morphological and
structural characteristics necessary for the creation of a preliminary NM (over which more
advanced non-linear analyses will be implemented in order to estimate the structural response
against future scenarios), two modal testing campaigns were carried out to acquire the vibra-
tion response of the tower to ambient noise. Innovative sensing solutions based on MEMS
were adopted for this purpose.
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After extracting the main dynamic parameters of the tower (i.e. modal frequencies, modal
damping and mode shapes) through well-known OMA techniques, the EM of the structure
was implemented into Code Aster© and used as a target reference for the calibration of the
afore-mentioned finite element NM. In both campaigns, the same five vibration modes were
identified, meaning that no changes in the structural condition of the tower occurred between
2018 and 2019.

All the eigenfrequencies and eigenvectors associated to these five modes were exploited
for the subsequent automated calibration process, which consisted in a perturbation of the
mass and stiffness matrices of the NM in order to find optimal yet physically meaningful val-
ues of the unknown material properties of the tower, so that the difference between estimated
(OMA) and calculated (FEM) eigen-parameters was minimized. The search problem was
solved by applying a metaheuristic inspired by the process of natural selection, namely the
GA, to the OMA eigen-data projected onto the equivalent NM. The employment of such an
algo-rithm was pivotal given the population of candidate solutions taken into account for the
mod-al-based FE updating.

The results, obtained assuming an isotropic behavior for the materials, were satisfactory.
Future developments will take into consideration orthotropic constitutive laws for the mason-
ry in the attempt to further minimize the discrepancies between numerical and experimental
models.
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