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Abstract. This paper presents the introduction of Digital Twins in the case of an historic ma-
sonry tower for rapidly addressing earthquake-induced damage identification. In the context
of the present paper, a digital twin is a model or a suite of models of the considered structure
that are updated/modified during time based on monitoring data. In particular, the proposed
approach combines Operational Modal Analysis (OMA), Surrogate Modeling (SM) and non-
linear Incremental Dynamic Analysis (IDA). On the one hand, OMA-based Structural Health
Monitoring (SHM) systems successfully allow the detection of small structural damages oc-
curring during earthquakes, and on the other, SM exploits the correlation between continuous
vibration data and structural stiffnesses while IDA is carried out from a tuned model together
with in situ recorded seismic data. The San Pietro bell tower has been considered for the vali-
dation of the proposed methodology. The tower is a monumental medieval masterpiece, located
in Perugia, Italy, and it represents a relevant case study in the scientific literature due to its
important experience during the 2016-2017 seismic sequence that occurred in Central Italy.
While the OMA-vibration data processing assessed distinct earthquake-induced changes in its
global dynamic behavior, the focus of the present work is the results on the use of linear as
well as non-linear modeling, i.e. SM and IDA, respectively, aimed for post-earthquake damage
localization and quantification.
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1 INTRODUCTION

Vibration-based SHM methods based on unsupervised learning techniques have been re-
cently demonstrated in the literature as eminently efficient for early-stage damage detection
[1,2,3,4,5,6,7,8,9, 10, 11, 12, 13]. Due to their limitation to detection only, more advanced
approaches are required in order to address higher levels of damage identification for Cultural
Heritage (CH) masonry structures.

The introduction of Digital Twin (DT) in civil engineering in the case of historic masonry
constructions is a recent concept of scientific interest [14]. DT can be defined as a model or
a suite of models of the structure that continuously exchanges information with the physical
reality through experimental/field data, thus providing evidence of novelties or changes, for
instance, related to a faulty or damage conditions.

Surrogate models (SM) have been lately investigated as computationally efficient tools to
reproduce the behavior of a numerical model, potentially allowing a continuous model updating
procedure for damage identification that is compatible with continuous SHM systems in historic
masonry structures [15, 16, 17]. The damage localization task is performed through the inverse
calibration problem on a surrogate of the linear FE model where equivalent elastic properties
of macrostructural elements are considered as uncertain parameters, and by using long-term
vibration data.

Other approaches are adapted given the strong development of computer processing power
and advanced structural analysis software packages, aiming at more accurate analysis methods
for the assessment of masonry buildings. Noteworthy to mention, non-linear dynamic analysis
(NLDA) can provide a reliable assessment of the structural response of masonry constructions
[18, 19, 20, 21]. In particular for NLDA, Incremental Dynamic Analysis (IDA) [22] considers
the selection of time histories to be scaled at increasing seismic intensities. The application of
IDA to CH masonry structures is comparatively less common with respect to RC structures.
The recent research carried out in [21] proposed the use of an IDA-based approach for damage
localization and quantification in the case of a laboratory masonry structure, but still, further
investigations can be carried out in the case of full-scale historic masonry constructions.

The methodology proposed in this paper combines OMA, SM and IDA for earthquake-
induced damage identification in historic masonry towers. It is applied to the San Pietro bell
tower, an iconic Cultural Heritage masonry building that was hit by the three main shocks of
the 2016 Central Italy seismic sequence: (i) Accumoli Mw6.0 earthquake of August 24th 4nd
the following shocks, (ii) Ussita Mw5.9 earthquake of October 26th and (iii) Norcia Mw®6.5 of
October 30th [4, 23, 24]. Fig. 1 illustrates a schematic view of the monitoring system and the
FE model constructed in the ABAQUS platform [25]. With concern to the proposed methodol-
ogy, the tower is ideally subdivided into three distinct structural parts: the shaft, the belfry and
the cusp.

The paper is organized as follows. Section 2 describes the proposed methodology, while Sec-
tion 3 reports the results and its validation. Finally, Section 4 summarizes the main conclusions
of the work.

2 METHODOLOGY

This paper investigates a new methodology for rapid damage detection, localization and
quantification in long-term monitored historic masonry towers subjected to earthquakes. It
merges the data-driven OMA-based approach for a rapid and automated damage detection with
two combined Digital Twins for damage localization and quantification: (i) SM-based damage
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Figure 1: The monitoring system installed on the San Pietro bell tower (a) and view of the calibrated FE model (b).

identification based on linear numerical modeling and long-term vibration monitoring data and
(i) IDA-based damage identification relying on a non-linear model and seismic response to
earthquakes.

The OMA is based on a Stochastic Subspace Identification (SSI) technique. Concerning
the SM, among different SM models available in the literature, the Response Surface Method
(RSM) has been proposed to be used here. Finally, the IDA approach investigates tensile dam-
age (d;) as a Damage Measure (DM) versus significant uncorrelated Intensity Measures (IMs).

Main theoretical aspects about SM and IDA can be found in [16, 17] and [21], respectively.

3 VALIDATION RESULTS

The OMA-based damage detection has been applied using 5 years of vibration-based mon-
itoring data, from December 2014 onwards. Time series of identified natural frequencies have
been used for the novelty analysis. Fig. 2 illustrates the control chart where earthquake-induced
damage has been identified in correspondence to the seismic events. It is clear from the plot
that it represents anomalous deviations from normal conditions due to small permanent changes
of the structural behavior of the bell tower, highlighted right after the Accumoli earthquake, as
well as after Ussita and Norcia shocks.

The SM of the San Pietro bell tower has been constructed considering the FEM ideally subdi-
vided into three distinctive macroelements and thus parametrized by means of a set of damage-
sensitive features. A training population of N=2048 individuals has been uniformly generated
by using a Latin Hypercube Sampling (LHS) method. The design variables are represented
by the stiffness multipliers k; of the shaft, belfry and cusp, respectively (x = [k, ko, kg]T).
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Figure 2: OMA-based damage detection: S-year control chart with main seismic events highlighted.

Subsequently, the SM-based damage identification approach has been applied before and after
the 2016 seismic sequence for localizing and quantifying earthquake-induced damage, whereby
time series of cleansed natural frequencies and experimental eigenvector components have been
used as input for solving the inverse FE model calibration problem on the RSM-type SM.

A first investigation on the time histories of the stiffness multipliers k; has been carried out,
where instant decays have been quantitatively evaluated for each macroelement by comparing
values identified before and after each shock. The k, multiplier experiences the highest vari-
ation, denoting that damage has occurred in the belfry macroelement, while the shaft and the
cusp show insignificant values. Subsequently, the k; vectors have been independently used to
build the statistical models for novelty analysis. The control charts are illustrated in Fig. 3,
where the damage can be clearly localized in the belfry macroelement. The relative frequency

. Ussita mores
Accumol \ MNorcia
100 , L"\.a v
- Training period .
i {1 year)

—

e e e e ey

i e = PSTSS

o
g & & 55 ¢ ¢ & & & ¢

& F S I T S F

Time |date]

Figure 3: SM-based damage identification: 5-year control charts obtained with stiffness multipliers k;.
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of outliers in the case of the belfry “jumps” from 2.21% before the earthquake sequence to
36.41% after the sequence, while for the shaft and the cusp it remains under 2.5%.

As reported by the statistical correlation analysis carried out in [21], nineteen weakly cor-
related IMs have been investigated for the construction of the IDA curves, independently from
the case study. These IMs have been exploited in the present paper for the San Pietro bell tower,
while tensile damage (d;) has been used as DM (computed as a volume-averaged damage pa-
rameter). Local damage conditions have been investigated for the three distinct macroelements:
shaft, belfry and cusp. Figs. 4a-b depict IDA curve sets obtained from spectral accelerations
Sa(T1) and Peak Ground Velocity (PGV), while other curves can be found in [24]. From the
plots, the belfry can be immediately identified as the most vulnerable macroelement where the
maximum numerically obtained tensile damage d; is equal to about 0.85.

The recordings of the main earthquakes of the 2016 Central Italy seismic sequence have been
used in the IDA-based damage identification approach. Once all the IDA curve sets have been
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Figure 4: The IDA curve sets obtained with tensile damage, d;, versus Sa(T1) (a) and PGV (b), and IDA-based
tensile damage estimated for the belfry macroelement by means of eleven input IMs calculated from Accumoli
earthquake (c).
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constructed and their dispersion investigated, local damage conditions have been assessed by
using seismic input and response IMs of the real aforementioned seismic events. Eleven seismic
input IMs have been computed from the base seismic records and seven seismic response IMs
have been calculated from the top seismic records. Fig. 4 illustrates damages estimated in the
belfry macroelement by applying all eighteen IMs that are computed from Accumoli, Ussita
and Norcia earthquakes, respectively. Besides IDA-based damages that are reported in terms
of minimum, maximum and mean values, damage predicted through a direct non-linear FEM
simulation is also reported for comparative purposes. It can be seen that there is relatively good
consistency, whereby d; values fall within the corresponding estimated ranges.

4 CONCLUSIONS

The paper presented the validation results of the proposed methodology for earthquake-
induced damage identification in historic masonry towers. The San Pietro bell tower (Perugia,
Italy) that was hit by the 2016 Central Italy seismic sequence has been considered as the case
study.

The main concluding remarks are listed below.

* The OMA-based data-driven method is extended through the introduction and implemen-
tation of Digital Twins, in particular SM and IDA, for localization and quantification of
earthquake-induced damage.

* Both SM and IDA are comparatively combined for higher accuracy of the method: (i) the
former uses a linear model while the latter a non-linear one, (ii) IDA uses the recorded
seismic response of an earthquake, whereas OMA and SM are based on long-term vibra-
tion monitoring data in operational conditions.

* Five years of continuous monitoring data of the San Pietro bell tower have been used in
the SM-based procedure for earthquake-induced damage detection and localization and
damage has been localized mainly in the belfry macroelement.

* Non-linear seismic IDA procedure has also identified the belfry as the most significantly
vulnerable and damaged macroelement of the bell tower. In addition, top recorded seismic
responses during earthquakes have allowed the introduction of seismic response IMs.

* Both Digital Twins have localized and consistently quantified earthquake-induced dam-
age in the belfry macroelement.

The successful validation of the Digital Twins can result potentially useful in more severe fu-
ture earthquake scenarios due to the precious information provided for needed first inspections,
retrofit and strengthening interventions.
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