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A B S T R A C T

Automatic model updating, or model calibration procedures, have significantly streamlined the
creation of digital twins, i.e., virtual models strongly informed by experimental data. This
methodology supports real-time monitoring and predictive maintenance by ensuring the digital
twin accurately reflects the physical structure. However, when the parameters to be inferred are
modal parameters, such as natural frequency or mode shape, additional challenges arise. This is
especially true in the case of complex monumental buildings. A key issue is ensuring the model
not only predicts these parameters correctly but also in the same order as seen in Operational
Modal Analysis campaigns. Discrepancies in predicted versus experimental modal parameters
often indicate significant modeling errors, resulting in inversions of the predicted vibrational
modes. These inversions can invalidate automatic model updating results, slowing the calibration
process and leading to potentially incorrect results. Several factors can cause these mode in-
versions, including inaccuracies in model parameters or modeling simplifications. This work in-
troduces a procedure to mitigate the mode inversion problem by leveraging sensitivity analysis to
select the most impactful mechanical parameters and vibration modes for calibration. The pro-
posed methodology involves initial mechanical testing to reduce parameter uncertainties, fol-
lowed by sensitivity analysis to identify key parameters. Preliminary model assessment and mode
matching are then conducted to establish baseline discrepancies. Sensitive parameters are
adjusted to align the model more closely with experimental data, followed by a recursive cali-
bration process. The updated model is validated and verified against Operational Modal Analysis
results, ensuring correct ordering and reduced errors of modal parameters.

1. Introduction

Assessing the health state of a monumental building that belong to the architectural heritage is not a trivial matter. Even without
considering the effect of possible degradation phenomena on the health state of these buildings, the level of uncertainties related to the
actual knowledge of the mechanical properties of the materials, the levels of connections of the structural elements are very high [1].

A critical aspect of understanding the structural behavior of physical systems is identifying the causes and measuring the effects of
varying mechanical parameters [2]. However, conducting this task on an actual structure would require drastic alterations to its
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structural characteristics. To overcome this challenge, a virtual model can be designed for the purpose of studying and analyzing these
parameters [3–5]. Models may help in reducing these uncertainties by supplementing some mechanical behavior hypothesis; however,
it is crucial to choose the proper parameters to create a reliable model. Uncertainties may be reduced by providing information coming
from experimental campaigns carried out on the structure under analysis. This approach allows for a more efficient and effective way
to gain insights into the complex behavior of physical systems without the need for costly and time-consuming physical alterations.
However, when dealing with heritage building is not always possible to carry out all the necessary investigations: this is due to the lack
of funds, the large complexity of the building under analysis, or the fact that destructive tests cannot be always employed, since they
may destroy some vital component that needs to be preserved [6,7]. Additional information may be provided by non-destructive
testing [8,9], although, for the estimation of the mechanical parameters, they are usually affected by higher levels of uncertainties.

When dealing with a large number of parameters to be optimized [10], the validation process of the numerical model can be quite
daunting [11–13]. The extensive computational burden required to achieve this objective is often unsustainable. However, conducting
a Sensitivity Analysis (SA) targeted at determining the influence of model parameters on experimental data predictions can immensely
reduce this computational burden. This, in turn, allows for a redirection of efforts to where they are most needed, consequently
increasing efficiency and effectiveness. Sensitivity is thus a key tool in civil engineering, and it was used in the past to solve different
problems. For instance, SA, as mentioned, is crucial in calibrating civil-engineering numerical models (e.g., finite-element models),
identifying which parameters most affect structural response [14]. It guides calibration by highlighting key variables to adjust,
improving agreement with experimental data. SA methods are broadly classified as deterministic (local derivative-based) or stochastic
(global, variance-based) approaches [15]. In practice, SA informs parameter selection: for example [16], use sensitivity measures to
choose important stiffness or mass parameters in a space-frame model. Early SA-based updating used Frequency-Response Functions
(FRF) [17], though such FRF methods had limitations. Later approaches combine SA with modal constraints: e.g., [18] employ
eigenvalue sensitivities for constrained FE updating. These ideas span linear and nonlinear contexts. Sobol variance analysis was used
for nonlinear steel-frame design [19,20] demonstrate a manual SA-guided updating of a cable-stayed bridge. More recently [21], apply
sensitivity-based FE updating in nonlinear seismic analyses of heritage structures. In all cases, SA-driven updating refines models to
better match observations [14,20,21].

The present paper proposes a framework for model verification and validation based on sensitivity analysis; in particular, it focuses
on a proposal for assessing the structural health state through diagnosis data coming from an extensive experimental campaign and the
creation of the optimal digital twin. In order to do so, the paper presents the various steps on a monumental building built in the first
half of the 20th century.

The paper is structured as follows: In Section 2 the proposedmethodology approach is described. Section 3 reports the experimental
campaign carried out, while in Section 4 the digital twin of the reference structure is described. In Section 5, the main results of the
study are discussed. Finally, in Section 6 the conclusions of the work are drawn.

1.1. Research significance

When working on very complex structures, the validation process of the virtual model is of fundamental importance, as it will give
rise to the results of more in-depth analyzes aimed at evaluating the level of degradation, damage [22], or more generally the health
state of the structure. However, the process of verifying and validating a numerical model of very complex structures can be onerous,
and very often the computational burden necessary to achieve this goal is unsustainable. Through a sensitivity analysis aimed at
defining the impact that the model parameters have on the predictions of experimental data, it is possible to drastically reduce this
computational burden, which allows the effort to be moved to where it is really needed.

In the present article, the verification and validation of the numerical model is addressed through the use of modal model updating
methods, using different objective functions for different sets of mechanical parameters. In this way, it is possible to associate more
significant objectives with mechanical parameters that modify specific dynamic aspects. For example, the mechanical parameters that
mostly regulate the flexural behavior of the structure are inferred using inverse techniques that include in the objective function only
modal parameters (e.g., modes of vibration) that have flexural characteristics. This involves a decoupling, where possible, of the
inverse problem and therefore greater robustness and accuracy of the results, combined with an increase in computational efficiency.
To do so, after performing the sensitivity analysis, a mode matching selection is needed, with the aim to place in the correct order the
numerical and experimental vibration mode and avoid error propagation during the updating due to the mismatching of the pairing.

2. Methodology

The automatic model updating, or model calibration procedures, have made it possible to facilitate the twinning phase of a virtual
model, i.e., the process through which a digital model is informed starting from data collected on a structure equipped with sensors
[23]. This digital twin approach allows for real-time monitoring [3,24–26] and predictive maintenance by ensuring that the virtual
model closely mirrors the physical structure. However, when the parameters to be inferred through the use of the model are modal
parameters (e.g., natural frequency or mode shape), there are additional challenges. Beyond the common issues associated with other
types of data, there is the critical problem of ensuring that the comparison between the model and reality is coherent. This means not
only verifying that the model correctly predicts the modal parameters but also ensuring that it provides these results in the same order
as observed from the Operational Modal Analysis (OMA) campaigns [27–29]. When the predicted modal parameters do not align with
the experimental data, it can indicate excessive modeling discrepancies. These discrepancies arise from initial conditions in the model
(such as the configuration of mechanical and geometric parameters) that are too far from the real conditions of the structure. This
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misalignment often results in an inversion of the predicted vibrational modes. Consequently, the automatic model updating techniques
become unreliable, leading to slow calibration processes that require numerous cycles to reach convergence and yield results that may
still be incorrect due to the inability to correctly pair numerical predictions with experimental evidence.

In more detail, when the vibration modes are reversed, the modes expected to see at one natural frequency appear at a different
frequency, and vice versa. This can occur for several reasons.

• Inaccuracies in model parameters: if model parameters, such as stiffness or mass, are not accurately defined, predicted vibration
modes may not correspond to the correct frequencies.

• Modeling effects: simplifying assumptions or incomplete models can lead to incorrect predictions of modal frequencies.
• Discretization errors: in finite element modeling, the discretization of the structure can affect the accuracy of the predicted modes.
• Boundary conditions: errors in the definition of boundary conditions can cause significant discrepancies in the vibration modes.

To address the mode reversal problem, several tools can be used. The Modal Assurance Criterion (MAC) can be used to verify the
correlation between numerical and experimental mode shapes. If the modes are reversed, the MAC may detect a low correlation
between the predicted and observed mode shapes, signaling the need for further investigation. The analysis of mode curvatures can
provide additional information on the correctness of the pairing. More specifically, curvature analysis can help identify reversals by
observing anomalous changes in the shape of the vibration modes. Iterative model updating process can help identify and correct
reversals vibration modes. In this case the model parameters are updated step by step and at each iteration, the updated mode shapes
are compared with the experimental ones to verify improvements.

The present work proposes a procedure to alleviate the problem of mode inversion. This approach leverages the concept of
sensitivity analysis [30] in selecting mechanical parameters and vibration modes for use in calibration processes. Sensitivity analysis
helps identify which parameters have the most significant impact on the model’s accuracy, allowing for more targeted and effective
updates. The methodology aims to reduce discrepancies between the virtual model and the real structure, resulting in a more reliable
numerical reference model for future advanced calibration activities. The procedure is structured as follows.

1. Mechanical testing: Perform preliminary mechanical test in order to reduce uncertainties in model parameters values (increase
the knowledge of the structure).

2. Sensitivity analysis: Perform a sensitivity analysis to determine which mechanical parameters and vibration modes have the most
significant influence on the model accuracy.

3. Preliminary assessment and Mode matching: Conduct a preliminary analysis of the virtual model informed with mechanical
tests results to identify the baseline discrepancies between the predicted and experimental modal parameters.

4. Targeted variable inputs adjustment: Adjust the identified sensitive parameters to better align the model with the experimental
data, reducing the risk of mode inversion.

5. Recursive updating of calibration inputs: Implement a recursive calibration process using the updated parameters to refine the
model progressively.

6. Validation and verification: Validate the updated model by comparing its predictions with OMA outcomes and verify that the
order of the predicted modal parameters matches the experimental observations, with reduced errors of modal parameters values if
compared with the initial configuration.

7. Final model deployment: Once validated, use the updated model as a reference for ongoing monitoring and future automatic
calibration activities.

Fig. 1. Views of the Hall B structure (picture (a) is courtesy of Fabio Oggero) (Rosario [33]).
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3. Structural testing and diagnosis

An extensive review of historical documentation is a fundamental step for helping in the identification of unique features and
material variations across all structural elements. This enables the formulation of a minimally invasive testing strategy, by combining
targeted sample extraction with non-destructive testing techniques. In the following subsections a description of the case study and the
experimental campaign is presented. This information constitutes our benchmark model and the dataset for the model verification and
validation based on sensitivity analysis.

3.1. The benchmark building

The case study used to apply the methodologies presented in this paper is the hall B of Torino Esposizioni, built by Pier Luigi Nervi
in 1947-53. The hall is a complex monumental building in concrete and a spatial structure masterpiece, admired for its daring and
innovative conception introduced by the designer. Recently Nervi’s structures in Torino Esposizioni, which have been abandoned for a
long period, apart sporadic and temporary use, have been the object of an extensive investigation and diagnosis campaign to outline
the best conservation strategies and its reuse [31,32]. The building, in fact, will host the new civic library of the city. Fig. 1 depicts a
view of the benchmark building.

The understanding of the constructive and transformative phases of historical or existing buildings is a crucial step in the definition
of the path of knowledge, followed by the identification of each part characterizing the entire complex, an essential starting point for
defining an effective testing campaign. For a comprehensive analysis of Hall B’s construction history and configuration, refer to [34,
35], while the geometrical documentation and the very-high-scale photogrammetric documentation to generate a multi-scale 3D
model are reported in [36,37].

As it can be noticed in Fig. 1, the hall is symmetrical on one axis, and presents a modular system constituted by the repetition of
structural elements. This modularity allowed to reduce the duration of the construction site, but also allowed rapid expansion in a short
period of time: in fact, in its first configuration (the construction site started in August 1947 and the first part of the structure was
completed in May1948), the building measured 96 m in width and 110 m in length. Between 1952 and 1954, Hall B was enlarged by
five spans to move the façade on the main street, and it reached the length of 155 m (see Fig. 2). Considering the time needed to
complete the first part, it is important to highlight that a large portion of the construction site was carried out during winter, which the
standards of the time, the Royal Decree No. 2229 [38], did not recommend as an ideal weather condition for pouring concrete: e.g. the
same standards prohibited the installation of conglomerates at rigid temperatures (0 ◦C for “standard” conglomerates). Moreover,
different casting stages interested the monolithic elements such as the inclined pillars, that were cast vertically in different months (see
Fig. 2).

3.2. Experimental campaign

The extensive review of the historical documentation allowed the identification of the distinctive features and material differences
of all structural elements in order to formulate the least invasive testing campaign possible, combining sample extraction with non-
destructive testing.

Fig. 2. Schematization of the main construction phases of the Turin exhibition complex (a). Scheme of the various casting stages of the main slanted
pillars (b) [32].
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3.2.1. Mechanical testing
The sampling for the mechanical tests was limited to the most massive elements, such as the slanted pillars and the beams, and the

thin pillars of the apse (see Fig. 1). Identifying potential variations in conglomerate types due to different pouring stages and con-
struction site requirements was a key objective in sample selection. Consequently, core sampling was strategically targeted at locations
exhibiting visible dissimilarities. In fact, considering the construction sequence of the hall, which started from the apse in 1947 and
continued toward the front on CorsoMassimo d’Azeglio (see Fig. 2), it was decided to distribute the tests to investigate the construction
progression and detect any substantial differences. The tests were repeated on the different levels (basement, ground floor, balcony
floor and finally the roofs) to investigate any anomalies due to different casting phases performed at different times and/or with
different conglomerates, if any, taking into consideration the fact that at that time, concrete was manufactured and amalgamated on-
site.

Concrete sampling was carried out and prepared according to the EN 12504–1:2019 [39] and EN 12504-1[39] standards by
adopting the coring method using diamond crown probes in the constant presence of water. Both compressive strength tests and elastic
modulus of elasticity were conducted, by applying an axial load with constant speed, until failure was reached. The value of the elastic
modulus was determined according to the requirements of EN 12390–13:2021 [40] method B. The results of the tests are shown in
Table 1.

By analyzing the results obtained from the extracted samples, a preliminary analysis can be carried out to check for the presence of
different types of concretes, whether these differences are due to different casting stages, different static roles of structural elements, or
the difference in material due to the expansion of 1953. Fig. 3 (a), shows the results of the acquired samples in terms of Young Modulus
as a function of the compressive strength. It can be observed that the distribution of the results follows the values of the EN1992-1-
1:2023 Eurocode 2 [41]. However, given the large distribution in terms of compressive strength, from 20 MPa to 50 MPa, some
clusters with the same characteristics could emerge. Considering that, at the time, concrete with different mechanical properties could
be employed without necessarily disclosing their presence or precise location in the design drawings (also since some documents could
be missing), the presence of different concrete was considered a possibility. In order to investigate possible groups of concrete with
similar characteristics, several aspects where investigated, such as the stage of construction, the structural elements, etc. From this first
differentiation, Fig. 3 (b), it is possible to state that the properties of 1947 look evenly distributed; however, two different groups can be
identified in the expansion of 1953, one with higher values of compressive strength (around 45 MPa), and a second one with lower
resistance (between 21 and 26 MPa). Fig. 3 (c), shows that differences are not related to the portion of the building oriented in the
northern or southern part, while in Fig. 3 (d), emerges a possible cluster related to the column of the apse. In the same figure, it can be
stated that the concrete of the beam elements seems to have a lower variance than the one employed for the slanted pillars. Fig. 3 (e),
highlights that differences are not related to the different stages of the construction site. On the other hand in Fig. 3 (f), it emerges that
the samples of the higher floor (between the height of 4.40 and 9.00 m), seem to have higher values compared to the ones coming from
lower floors. For comparison of the colors in the figures, the reader can refer to the electronic version of the paper.

Further investigation permitted the identification of mechanical differences by distinguishing first from the older part of 1947 and
the expansion (Fig. 4) and then by identifying the clusters of the columns of the apse and the two additional clusters representing the
different floors in the expansion of 1953. In the end, four different clusters (Fig. 5) were determined.

3.2.2. Vibration-based testing
Dynamic testing offers different advantages for heritage structures; they allow capturing the whole-body response of the entire

structure, leveraging insights from local inspections, and provide valuable information about seismic behavior and indirectly assessing

Table 1
Core testing results, the ones with the asterisk (*) are related to samples extracted from the extension built in 1953.

Test code Floor New/old Young’s modulus [MPa] Density [kg/m3] Compressive strength [MPa]

PI_P13n_C18 − 1 old 33804.35 2346 31.7
PI_CI-21_C19 − 1 old 26918.88 2255 23.4
PT_P13s_C12 0 old 27083.54 2308 20.6
PT_P8s_C13 0 old 41591.9 2410 49.0
PT_P2s_C14* 0 new 28506.69 2449 21.0
PT_P11n_C15 0 old 30922.15 2372 23.4
PT_P8n_C16 0 old 34922.2 2352 43.9
PT_P2n_C17* 0 new 26750.79 2340 25.8
PT_CI-17_C20 0 old 28853.7 2268 21.8
P1_P13s_C1 1 old 31669.55 2308 32.7
P1_T13s_C2 1 old 31156.1 2341 26.7
P1_P8s_C3 1 old 32566.83 2346 24.4
P1_T8s_C4 1 old 33797.72 2512 37.4
P1_P2s_C5* 1 new 31233.75 2341 44.2
P1_T2s_C6* 1 new 36784.01 2374 41.3
P1_P11n_C7 1 old 35536.94 2385 32.4
P1_T11n_C8 1 old 33921.83 2396 39.0
P1_P8n_C9 1 old 26473.21 2279 21.1
P1_T8n_C10 1 old 31787.57 2350 30.4
P1_P2n_C11* 1 new 32954.22 2374 45.9
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structural integrity. In addition, these methods are highly valued in heritage settings due to their non-invasive and non-destructive
nature. Previous research by [42], highlighted that the main challenges with the seismic response of the hall are related to the
large number of structural elements that govern the dynamic behavior of the structures, that could be divided in macro-elements.
These elements can be categorized into macro-elements, with the most critical responses associated with the undulated shell vault,
out-of-plane tympanum movements, and the apse interacting with the main hall body. A preliminary finite element (FE) model of the

Fig. 3. Analysis of the experimental data by considering the various factors of variations, such as the stage of construction, the vertical location, the
structural elements, the construction site stages, and the location in the northern or southern portion of the building. The EC2 represents the
Eurocode relationship of the Young’s modulus as a function of the compressive strength.

Fig. 4. Comparison of the two different time periods in terms of compressive strength (a) and Young Modulus (b).
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hall was used to optimize the design of an acquisition setup for dynamic testing. This setup aimed to maximize the content of
extractable information and the spatial visualization of the modes, aiming at reconstructing the global and local dynamic behavior of
the hall. Dynamic testing was conducted on October 11th, 2021, using ambient vibration excitation from wind and traffic. Data
acquisition lasted up to 1 h, using a sampling frequency of 512 Hz, with 34 single-axis piezoelectric accelerometers (PCB Piezotronics,
sensitivities of 1 V/g and 10 V/g) positioned on the vault, apse, and rear tympanum. The single setup prioritized modal decoupling and
captured responses in all three spatial directions. Fig. 6 illustrates the dynamic experimental setup.

Fig. 5. Mean values of the compressive strength (a) and mean values of elastic modulus (b), categorized for different time periods and locations. The
global mean values of all the acquired experimental samples are reported in light blue.

Fig. 6. Experimental setup installed on the structure; Sensor positions are indicated by circles, while acquisition directions are shown by red arrows.
Vertical acquisition with a positive direction facing upwards is marked by cross ’x’ within a red circle. Axes: x (transverse), y (longitudinal), z
(vertical) [43].

E. Lenticchia et al.
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3.3. Data processing

3.3.1. Mechanical testing
The data coming from the mechanical test were processed to infer some mechanical similarity in the structural components of the

building, in order to reduce the number of material clusters to be used in the subsequent digitalization of the structural system. To
achieve this purpose, a statistical analysis was performed to determine whether the tested cores extracted from the pillars corre-
sponded to a unique material. Given the limited number of cores, the two sample T-test was deemed appropriate for this work. The test
was conducted at a significance level of 5 % on the elastic modulus results (since density has low experimental variability), and was
performed for each distinction criteria reported hereinafter.

• Part within the pillar system: pillar (P) or beam (B).
• The location of the pillar: north (n) or south (s) of the building.
• The construction process of the pillars: different levels (− 1, 0 or +1).
• The construction time of the pillar: before (old) or after (new) the expansion of the building.

Table 2 shows the material clusters identified and their mean elastic modulus from core tests. Several clusters have only one test
result, which is insufficient for proper analysis. As a result, these clusters were combined based on the distinction criteria established
for the T-test, nevertheless, making a critical comparison of the results first.

The first test focuses on the differences between the mechanical characteristics of beam and column elements situated on the same
level. The null hypothesis assumes that the actual average difference between the beams and pillars on a given level is negligible. The
outcomes are presented in Table 3 for cores of the+1 level, south sidel. In the table, a value of one indicates that the hypothesis is true,
while a value of zero implies that the null hypothesis is incorrect.

The results indicated that the material properties of beams and pillars within the same levels were not statistically different.
Therefore, they were merged into a unique cluster, as well as the clusters with a single test result, as indicated earlier. Several con-
siderations can be performed for the other distinction criteria, for which the only results are reported hereinafter.

• Location of the pillar: there are no significant differences in the elastic moduli between the northern and southern sides of the
building, therefore these layers were merged.

• Construction process of the pillar: significant difference of the materials involved in the study.
• Construction time of the pillar: significant difference of the materials involved in the study.

The final material clusters obtained from the core testing are presented in Table 4.

3.3.2. Vibration-based testing
To ensure accurate identification, all the 34 signals were checked thoroughly to eliminate any records with anomalous behavior

and no anomalies were detected. The signals were first adjusted to a global reference system to avoid mistakes in the eigenvector sign
estimate. Then, they were processed to eliminate unwanted frequency components and trends. To achieve this, a constant detrend was
applied, and a Butterworth filter with an order of four and cut-off frequencies of 1 and 15 Hz was used. The sampling frequency of the
records was 256 Hz, which was reduced by a factor of two from 512 Hz to reduce noise and speed up the analysis. Lastly, both the
Fourier and Welch spectrum were carefully analyzed with the peak picking method, in order to select potential candidate modes in the
frequency domain. The analyzed signals, s(t), lasted 1 h, which provided a particularly good frequency resolution of 5.2394e-04 [Hz].

Following the signal processing phase, the system identification was carried out. Due to the long duration of the signals, they were
divided into four parts, and each sub-part was subjected to the SSI-CVA algorithm. The outcomes of the four sub-parts were then
clustered and averaged to obtain unique estimates of each modal parameter. To ensure reliable and robust results, the order of the
system varied between 270 and 430, and a stabilization analysis was performed to allow modes with estimated damping ratio between

Table 2
Identified material clusters from the core test results.

Layer Mean E [MPa] # of tests

Columns 27886.29 2
Level -1n_P_old 33804.35 1
Level 0s_P_old 34337.72 2
Level 0n_P_old 32922.18 2
Level +1s_B_old 32476.91 2
Level +1s_P_old 32118.19 2
Level +1n_B_old 32854.70 2
Level +1n_P_old 31005.08 2
Level 0s_P_new 28506.69 1
Level 0n_P_new 26750.79 1
Level +1s_B_new 36784.01 1
Level +1s_P_new 31233.75 1
Level +1n_P_new 32954.22 1
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0.1 % and 8 %. In addition to the stabilization study, a cluster analysis was implemented. The reference value of the frequency and
damping used as the outcome of the overall identification procedure was assumed to be the average value of the frequency-damping
cluster. To strengthen the results, the cluster analysis focused only on modes with a natural frequency in the range of 1.5–10 [Hz], after
previously checking with preliminary identification for the absence of modes for frequencies below 1.5 [Hz], and the absence of
relevant modes for the dynamic of the hall for frequencies over 10 [Hz].

Table 5 and Fig. 7 report the results of the identification in terms of natural frequency and main mode shapes of the first seven
identified modes (for brevity reasons). It is important to highlight that mode 5 and 6 are local modes acquired by the sensor located on
the tympanum in longitudinal direction (position #1 in Fig. 6).

4. Digital twinning

In the present section the definition, verification and validation of the numerical model supporting the experimental results is
introduced.

4.1. The baseline model

The geometry of the hall was defined based on a geometrical survey performed by the Dipartimento di Architettura e Design - DAD of
the Politecnico di Torino [36,37] and Nervi’s original drawings of the design of the building [44]. After defining all the geometrical
aspects of the hall, including sections of the elements, the Finite Element (FE) model of the structure was constructed. In this step,
labels were created by grouping elements with specific properties, specifically, element type, section geometry, material, and location
of the element. For the construction of the FE model, the hall was divided into its macro elements, namely: the undulated roof, the
fanned elements, the inclined pillars, the half dome and apse, the back tympanum, the front tympanum, and the underground level.
Fig. 8 reports the generated digital models.

The model is fully restrained at its base, it counts 202′522 elements for a total number of 510′462 Degrees of Freedom (DoFs) and an
average mesh size of 1.5 m. As regards the mechanical parameters, they were initialized based on both mechanical tests (see Section 3),
and average values from literature. About this, Table 6 reports the literature study for the definition of the mechanical parameters

Table 3
T-student test results, for cores of the +1 level, south sidel.

T-STUDENT

α = 0.05 Layer Level +1s_B_old Level +1s_P_old

# of tests 2 2

Mean Young’s modulus [MPa] 32476.91 32118.19

Layer # of tests Mean Young’s modulus [MPa] Standard deviation of Young’s modulus [MPa] 1867.91 634.47

Level +1s_B_old 2 32476.91 1867.91 1.00 1.00
Level +1s_P_old 2 32118.19 634.47 1.00 1.00

Table 4
Final material clusters and corresponding elastic moduli, and densities.

Elements # of
tests

Mean Young’s modulus
[MPa]

Standard deviation of Young’s
modulus [MPa]

Mean density [kg/
m3]

Standard deviation of density
[kg/m3]

Columns 2 27886 1368 2262 9
Old part 13 32710 3805 2362 58
New part, 0 floor 2 27629 1242 2395 77
New part, +1

floor
3 33657 2841 2363 19

Table 5
Results of the identification in terms of natural frequency and mode shapes of the first four identified modes. *The interpretation of
description is based on the mode shapes of a simply supported beam with edge hinges.

Mode Nat. freq. [Hz] Description*

1 1.70 Mode of the vault: 1st flex. mode in Y and 2nd flex. mode in X
2 1.94 Mode of the vault: 2nd flex. mode in Y and 2nd flex. mode in X
3 2.19 Mode of the vault: 3rd flex. mode in Y and 2nd flex. mode in X
4 2.48 Mode of the vault: 1st flex. mode in Y and 3rd flex. mode in X
5 2.85 Longitudinal response
6 2.89 Longitudinal response
7 3.24 Mode of the vault: 2nd flex. mode in Y and 3rd flex. mode in X

E. Lenticchia et al.
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value not associated to any mechanical test, specifically, in the table, E denotes the Young’s modulus, ν the Poisson ratio, and ρ the
density of the material. Instead, in Table 7, the parameters initialized with values obtained from the processing of mechanical tests data
are reported.

Fig. 7. Identified modes; (a) 1st mode; (b) 2nd mode; (c) 3rd mode; (d) 4th mode. The red spheres indicate the position of the sensors installed on
the structure [43].

Fig. 8. Digital model of the Hall B: (a) geometrical model; (b) mechanical model.

E. Lenticchia et al.
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4.2. Model verification

In the present section the verification of the numerical model is performed thorough a gravity load analysis and an eigen-analysis.
The numerical simulations were carried out in the ANSYS [51] environment, while the analysis and processing of results were per-
formed through a customMATLAB routine [52]. The procedure operated via batch processing, allowing automatic interaction between
the finite element model and the numerical algorithms.

4.2.1. Debugging with gravity load analysis
To debug the FE model, a static analysis is performed, where the hall’s response is studied by considering only the elements’ self-

weight. The analysis indicate that the hall experiences its maximum deformation around the center of the roof, particularly at the
fanned elements and pillar head, while these elements undergo much lower deformation near the tympanums. The maximum
displacement value is approximately 0.0235 m.

4.2.2. Debugging with eigen-analysis
Due to the size of the model (510′462 Dofs), the numerical analysis generated a large number of solutions to the eigenvalue

Table 6
Literature-based defined parameters.

Description ID
number

Property Value Definition criteria

Ferrocement 1, 2, 6 E [GPa] 26 Based on a previous model realized on the same structure [42].
ν [− ] 0.2 Based on a previous model realized on the same structure [42].
ρ [kg/
m3]

2500 Based on a previous model realized on the same structure [42].

Reinforced concrete 3, 4, 5,
16

E [GPa] 30 Common elastic modulus for concrete. Provided also by the Italian regulations[45], for a
C25/30 concrete.

ν [− ] 0.2 Common Poisson ratio for concrete. Provided also by the Italian regulations [45].
ρ [kg/
m3]

2500 Common density of reinforced concrete.

SAP20 + 4 mortar 10, 11 E [GPa] 21 Developed in a later section. Elastic modulus of the homogenized section with the slab
concrete as reference, which is based on a previous model realized on the same structure
[42].

ν [− ] 0.2 Poisson’ ratio for the slab based on a previous model realized on the same structure [42].
ρ [kg/
m3]

0 Developed in a later section. Equivalent density considering a mortar density of 2500 kg/m3

[46].

SAP20+ 4 top slab concrete 12, 13 E [GPa] 21 Based on a previous model realized on the same structure [42].
ν [− ] 0.2 Based on a previous model realized on the same structure [42].
ρ [kg/
m3]

6875 Developed in a later section, equivalent density considering the weight of the SAP system
(https://www.leca.it/wp-content/uploads/2020/07/Guida-tecnica-consolidamento-solai.
pdf).

Infill walls 14, 17 E [GPa] 2 Based on a previous model realized on the same structure [42], and supported by other
sources, namely [47,48], which based on experimental test computed values around 20 GPa

ν [− ] 0.3 Some sources such, as [49,50], indicate that regulations [45] recommend a value of 0.25. On
the other hand [46] computed a value of 0.32, therefore a value of 0.3 was assumed.

ρ [kg/
m3]

1100 Developed in a later section. Equivalent density considering a mortar density of 2500 kg/m3

[46].

SAP16 + 4 equivalent
material (for shells)

15 E [GPa] 21 Developed in a later section. Elastic modulus of the homogenized section with the slab
concrete as reference, which is based on a previous model realized on the same structure
[42].

ν [− ] 0.2 Poisson’ ratio for the slab based on a previous model realized on the same structure [42].
ρ [kg/
m3]

764 Developed in a later section. Equivalent density considering the weight of the SAP system
(https://www.leca.it/wp-content/uploads/2020/07/Guida-tecnica-consolidamento-solai.
pdf).

SAP20 + 4 equivalent
material (for shells)

18 E [GPa] 21 Developed in a later section. Elastic modulus of the homogenized section with the slab
concrete as reference, which is based on a previous model realized on the same structure
[42].

ν [− ] 0.2 Poisson’ ratio for the slab based on a previous model realized on the same structure [42].
ρ [kg/
m3]

1546 Developed in a later section. Equivalent density considering the weight of the SAP system
(https://www.leca.it/wp-content/uploads/2020/07/Guida-tecnica-consolidamento-solai.
pdf).

Slab reinforced concrete 22, 23 E [GPa] 21 Based on a previous model realized on the same structure [42].
ν [− ] 0.2 Poisson’ ratio for the slab based on a previous model realized on the same structure [42].
ρ [kg/
m3]

2500 Common density of reinforced concrete.

E. Lenticchia et al.
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problem. However, this is not consistent with reality, andmost solutions are only numerical. Additionally, the structure is comprised of
many elements; thus, while certain modes may seem incoherent when considering the whole building, they might accurately represent
the behavior of specific elements of the hall. Therefore, a careful analysis was carried out to identify vibrationmodes that are consistent
from both a global and a local perspective, thereby enabling a well-developed description of the dynamic response of the structure.
Experimentally, it was observed that the frequency content of the building reach up to approximately 10 [Hz]. As a result, 300 modes
were computed to achieve those values of natural frequency. Then, each mode was individually assessed in order to identify the ones
that appeared reasonable and consistent with experimental observation.

• The numeric modes 1, 4, 5, and 9 are the modes that excite the most mass. Both modes 1 (Fig. 9 (a)) and 9 exhibit a high trans-
lational behavior in the transverse direction.

• With regard to the z direction, numeric mode 2 stands out from the rest, with a high mass participation factor and a high vertical
displacement in the center of the undulated vaults, as seen in Fig. 9 (b).

4.3. Sensitivity analysis

A sensitivity analysis of structural simulator can be used to determine which model parameters are the most important and most
likely to affect system behavior in terms of some model properties (e.g., natural frequencies). Following a sensitivity analysis, the
knowledge of critical parameters must be deepened, whereas parameters with a negligible effect can be ignored. In this sense,

Table 7
Material component of the numerical model.

ID number Description Model parameters: E [GPa], ν [− ], ρ [kg/m3]

1 Roof ferrocement (new) See Table 6
2 Roof ferrocement (old) See Table 6
3 Roof concrete (new) See Table 6
4 Roof concrete (old) See Table 6
5 Cupule concrete (old) See Table 6
6 Cupule ferrocement See Table 6
7 Back part concrete (old) 27.89, 0.2, 2262
8 Pillar floor +1 concrete (new) 33.66, 0.2, 2363
9 Pillar floor +1 concrete (old) 32.71, 0.2, 2362
10 SAP 20 + 4 beam (new) See Table 6
11 SAP 20 + 4 beam (old) See Table 6
12 SAP 20 + 4 top slab concrete (new) See Table 6
13 SAP 20 + 4 top slab concrete (old) See Table 6
14 Infill (old) See Table 6
15 SAP 16 + 4 equivalent material (for shells) See Table 6
16 Front part concrete (new) See Table 6
17 Infill (new) See Table 6
18 SAP20 + 4 equivalent material (for shells) See Table 6
19 Pillar floor 0 and -1 concrete (new) 27.30, 0.2, 2395
20 Pillar floor 0 concrete (old) 32.71, 0.2, 2362
21 Pillar floor − 1 concrete (old) 32.71, 0.2, 2362
22 Slab concrete old See Table 6
23 Slab concrete new See Table 6

Fig. 9. Deformed shape of numeric mode 1 (a), and 2 (b).
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sensitivity analysis plays a role in reducing the computational burden of the validation process, which in many cases would be
insurmountable. The FE model consists of 23 materials and 69 material elastic properties. The sensitivity was performed thus per-
formed considering 70 parameters; the 69 material properties plus an addition parameter that regulate the stiffness (Young’s modulus)
of the pillar head, in order to consider different internal constrain degrees. The procedure consists in changing, for each parameter Pi,
its value with a small increments ΔPi within predefined limits Pi.min and Pi.max and performing an eigenvalue analysis to obtain the
variation in the structure’s vibration natural frequencies due to these parameter changes. A literature review (see Table 6) was
conducted that focused mainly on studies involving material tests in order to understand reasonable ranges for the parameters used in
the FE model. The considered ranges and step increments for the different materials of the FE model are presented in Table 8.
Parameter bounds in Table 8 were set using statistical variability from core tests (Table 1) when available; for other materials, bounds
were inferred from analogous structural components with added conservative margins to encompass modeling uncertainties. Then,
increment sizes (ΔE, Δν, Δρ) were determined via preliminary parametric studies to ensure each step induced negligible modal
variation, thereby preserving sensitivity resolution.

Sensitivity analysis employed a local one-at-a-time strategy to manage computational cost. For each parameter, 30 uniformly spaced
samples were drawn within the defined bounds, yielding 2160 total eigen-analyses. Variance-based sensitivity metrics were then
computed per eachmode to quantify each parameter influence. This approach was also chosen given the prior experimental knowledge
available about the nominal values of the mechanical parameters, avoiding high-dimensional sampling, and ensuring unbiased
sensitivity estimates (i.e. uniform sampling) while preserving computational efficiency.

The numerical analysis generates a large number of vibration modes. However, not all these modes are coherent with the building’s
actual behavior (e.g., numerical artifacts generated by the model discretization). In addition, for computational efficiency, only the
most relevant modes were considered for the analysis, specifically those that were significant to the hall and roof response from a
global perspective. To this end, it was observed that from the numeric mode of vibration 15 the deformed shape began to show a large
number of local modes, characterized by little participating mass, so the sensitivity was restricted to the first 15 modes. The results of
the analysis provide a set of vibration natural frequencies for each of the selected 15 modes, m, at every value increment of each of the
70 parameters, i. The sensitivity is then measured by means of the variance σim2 of the natural frequencies over the parameter space,

which is normalized to the total variance (i.e.,
∑

i,mσ2
im

)
to obtain the fraction of variance rim, used to estimate the influence of the

parameters on each computed mode. Equation (1) reports the calculated fraction of variance.

rim =
σ2
im∑

i,m
σ2
im

(1)

4.4. Model validation

This subsection focuses on the model validation of the Hall B structure. The model validation relies on three main points.

Table 8
Elastic moduli, Poison’s ratio, and densities range definition. *Sensitivity evaluated through the equivalent density applied to material 12. **
Sensitivity evaluated through the equivalent density applied to material 13.

Mat. ID Range E [Pa] ΔE [Gpa] Range ν [− ] Δν [− ] Range ρ [kg/m3] Δρ [kg/m3]

1 5.00E+09 3.00E+10 8.33E-01 0 0.25 8.33E-03 1800 3000 26.67
2 5.00E+09 3.00E+10 8.33E-01 0 0.25 8.33E-03 1800 3000 26.67
3 2.00E+10 4.50E+10 8.33E-01 0 0.25 8.33E-03 2100 2600 16.67
4 2.00E+10 4.50E+10 8.33E-01 0 0.25 8.33E-03 2100 2600 16.67
5 2.00E+10 4.50E+10 8.33E-01 0 0.25 8.33E-03 2100 2600 16.67
6 5.00E+09 3.00E+10 8.33E-01 0 0.25 8.33E-03 1800 2600 26.67
7 2.30E+10 3.50E+10 4.00E-01 0 0.25 8.33E-03 2150 2550 13.33
8 2.50E+10 4.30E+10 6.00E-01 0 0.25 8.33E-03 2250 2500 8.33
9 2.10E+10 4.45E+10 7.83E-01 0 0.25 8.33E-03 2150 2550 13.33
10 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 6675* 6925* 8.33
11 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 6675** 6925** 8.33
12 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 6475 6975 16.67
13 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 6475 6975 16.67
14 1.00E+09 3.00E+09 6.67E-02 0 0.4 1.33E-02 700 1300 20.00
15 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 1260 1380 4.00
16 2.00E+10 4.50E+10 8.33E-01 0 0.25 8.33E-03 2100 2600 16.67
17 1.00E+09 3.00E+09 6.67E-02 0 0.4 1.33E-02 700 1300 20.00
18 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 1410 1580 5.67
19 2.30E+10 4.30E+10 6.67E-01 0 0.25 8.33E-03 2150 2650 16.67
20 2.10E+10 4.45E+10 7.83E-01 0 0.25 8.33E-03 2150 2550 13.33
21 2.10E+10 4.45E+10 7.83E-01 0 0.25 8.33E-03 2150 2550 13.33
22 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 2100 2600 16.67
23 1.50E+10 3.00E+10 5.00E-01 0 0.25 8.33E-03 2100 2600 16.67
24 (Pillar head) 2.10E+10 6.64E+10 1.51E+0 – – – – – –
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• A preliminary assessment of the digital model corroborated with experimental data directly estimated by mechanical test, when
available.

• A mode matching analysis.
• The inverse search of optimal solutions for variables input and calibrations input.

The inverse searching of variables and calibrations input involves a recursive process where for each iteration predetermined inputs
are modified within a specified range, and the model is run to calculate the objective function value to be minimized. Once optimal
values are defined, the results include the updated parameter values, as well as correlated modes, error in frequency and error in mode
shape. These results are useful to evaluate the validity and reliability of the updated system, and to investigate source of discrepancy
that affect the model predictions.

4.4.1. Preliminary assessment
The preliminary assessment focuses on the comprehension of the conditions and limitations of the model is gained. The goal is to

limit possible errors during the calibration phase, to help the algorithm towards a more accurate solution. Additionally, weaknesses
can be identified and resolved before the calibration phase of the digital model. This is achieved by analyzing the correspondence
between the experimental mode shapes and the numerical mode shapes coming from the model, in order to define the modes to be
considered during the calibration. This task is the so-called mode coupling or mode matching. It can be performed by forcing the
numerical modes to be coupled in ascending order to the experimental modes or not based on some specific metric. In this work the
Modal Assurance Criterion (MAC) was averaged to the absolute normalized error in frequency (absolute difference between experi-
mental and numerical natural frequency, normalized to the experimental value) to define the coupling degree. The result for the mode
coupling is presented in Table 9.

In Table 9 it is observed that experimental modes 2 and 3 are well captured by the model, while the rest of the modes present high
error values either in frequency, MAC or both. Regarding the error in MAC, for numeric mode 11 and higher its value increases
suddenly with respect to the previous modes. This means that starting from mode 11, there is a high discrepancy in the experimental
and numerical mode shapes. No conclusions can be drawn about these mode shapes, but it is evident that the model corroborated with
mechanical test results is not able to capture them. Consequently, these modes are discarded for the model updating as they can
contaminate the objective function, significantly increasing the overall error due to modes that cannot be captured by the model.
Contrary, the model represents properly (considering that it is not calibrated yet) the first four experimental modes of the building in
terms of mode shape, with their corresponding numerical modes being within the first seven modes for the not forced matching
approach. The most significant issue is the mode inversion happening between numerical modes 7, 2, and 3 corresponding to the
experimental modes 3 and 4, and 2 respectively. This explains the sudden increase in the numeric mode number in the case of forced
matching. Mode inversions are related to different causes, such as lack of torsional stiffness and erroneous mass distribution, which are
the likely reasons in this model. More in general, uncertainties on variable inputs usually are the cause of issues in modes. For the hall
B, four sources of uncertainty have been identified.

• The unmodelled geometry of the complex that interacts with the Hall B. However, the modelling of these structures is out of the
scope of this work and it is neglected for the validation phase.

• The stiffness of the infill walls: which is represented by their elastic modulus (first variable input). This property depends on factors
such as cracks, connectivity with other elements, presence of holes, etc. However, establishing the state of these walls is not
straightforward, so a high uncertainty is involved, making it difficult to set a value for this parameter.

• The weight of the undulated roof, which is considered in the model through the density of the roof elements, however, there is
additional weight on the roof due to the roofing, pipes, etc. As reported in Section 5, during the sensitivity analysis it was observed
that the density of the undulated roof has an important impact on the dynamic response of the structure, so an equivalent density
(second variable input) should be considered for the undulated roof elements to account for this added weight.

• The degree of constraint of the undulated roof: which is determined by the connection between the pillar and the undulated roof.
This uncertainty is controlled by the elastic modulus of the pillar head. Nonetheless in Section 5, the sensitivity analysis indicated
that this parameter has low impact on the response of the hall, thus the analysis of this parameter is neglected for the validation
phase.

Table 9
Results of the mode matching forcing (left side), and without forcing (right side) the coupling in ascending order.

Experimental
mode

Matching
numerical mode

Predicted
frequency [Hz]

Error in
frequency

MAC Matching
numerical mode

Predicted
frequency [Hz]

Error in
frequency

MAC

1 1 1.50 11.66 % 0.50 1 1.76 − 3.55 % 0.46
2 2 1.81 6.85 % 0.73 3 2.30 − 18.42 % 0.74
3 5 2.03 7.01 % 0.75 7 2.81 − 28.48 % 0.68
4 23 3.06 − 23.41 % 0.57 2 2.13 14.40 % 0.72
5 28 3.28 − 14.99 % 0.14 11 3.29 − 15.48 % 0.17
6 33 3.46 − 20.26 % 0.11 16 3.86 − 33.73 % 0.15
7 34 3.52 − 8.88 % 0.21 16 3.86 − 19.39 % 0.37
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In order to address the issue of the mode inversion, before to proceed with the model validation trough model updating, a study
aimed at defining the value of some variable inputs is carried out in Section 5.

4.4.2. Mode matching
To define a correct matching between the experimental outcomes and the numerical predictions, the experimental mode shapes

were interpolated by the FE method, forcing the experimental mode shapes coordinates to the FE model. The results of the matching
are shown in Fig. 10 for five of the seven identified modes. Indeed, no correspondence was identified for experimental modes 5 and 6
with enough certainty to be considered in the validation phase (even if a discrete match in the mode shapes of experimental modes 5
and 6 is found with numeric modes 4 and 5, contemplating the local modes of the front tympanum and the longitudinal response). The
results of the mode matching in terms of natural frequencies is reported hereinafter.

• Experimental mode 1 of 1.70 Hz corresponds to the numeric mode 1 with a frequency of 1.76 Hz.

Fig. 10. Experimental and numerical mode shape of mode 1 (a) and (b). Experimental mode 2 (c) and numeric mode 3 (d). Experimental mode 3 (e)
and numeric mode 7 (f). Experimental mode 4 (g) and numeric mode 2 (h). Experimental mode 7 (i) and numeric mode 6 (j).
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• Experimental mode 2 of 1.94 Hz corresponds to the numeric mode 3 with a frequency of 2.30 Hz.
• Experimental mode 3 of 2.19 Hz corresponds to the numeric mode 7 with a frequency of 2.81 Hz.
• Experimental mode 4 of 2.48 Hz corresponds to the numeric mode 2 with a frequency of 2.13 Hz.
• Experimental mode 7 of 3.24 Hz corresponds to the numeric mode 6 with a frequency of 2.70 Hz.

Thus, all the first four experimental modes follow the automatic matching approach without forcing the coupling in ascending
order, instead, as regard the experimental mode 7, the automatic matching failed to capture the experimental mode shape, which was
actually represented by the sixth numeric mode instead of mode 16 (see Table 9).

Fig. 10. (continued).

Fig. 11. Sensitivity analysis results in terms of elastic modulus (a), Poisson rations (b), and densities (c) of the model materials.
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5. Discussion of the results

In this section the results of the sensitivity analysis and the model validation are critically analyzed and discussed.

5.1. Sensitivity analysis

The sensitivity analysis aimed at identifying what mechanical parameter affects most a specific vibration mode, in terms of natural
frequency variation. This can be visually represented by a bidimensional heatmap (Fig. 11). In particular, in the figure, the fraction of
variance (see Equation (1)) for the first numerical 15 modes has been reported for the Young’s moduli, Poisson rations, and densities of
the model materials.

Although the previous graphmay be difficult to analyze, some conclusions can be drawn. It is evident that the elastic modulus of the
first two materials (new roof ferrocement and old roof ferrocement, respectively) and the elastic modulus of the infill walls have by far
the biggest impact on the building’s dynamic behavior. Moreover, the Poison’s ratios represent a negligible influence on the vibration
modes. These results require to be further processed to draw more definitive conclusions. In particular, understanding which
parameter have the greatest influence on specific modes can provide the path to choose the properties needed for the validation phase.
This can be done by analyzing the fraction of variance independently for each mode of vibration and detecting the most sensitive
parameters accordingly. The results are reported hereinafter for the first seven modes and the three main parameters that affect each
mode (see Table 7 for the ID number).

• First mode: E2, E20, ρ2
• Second mode: E1, E2, E20
• Third mode: E1, E2, ρ2
• Fourth mode: E1, E16, E2
• Fifth mode: E2, E14, E16
• Sixth mode: E1, E2, ρ2
• Seventh mode: E1, E2, ρ2

From this more in-depth analysis emerged that for the density, only the value of the roof ferrocement material was significant in the
analysis, while the remaining material densities have demonstrated to be irrelevant. The most influencing material properties for the
Hall B are summarized in Table 10.

5.2. Model validation

In this section the validation through the model calibration task is performed. It is important to preface that the calibration was
deliberately confined to experimental vibration modes 1, 2 and 3 and their associated roof stiffness and density parameters, as the
variance-based sensitivity analysis identified these modes and variables as responsible for over 75 % of the total modal variance and as
critical to the global dynamic response. Higher-order modes exhibited low mass participation factors and inconsistent MAC values, so
they were excluded to prevent contamination of the objective function. This selection reduced problem dimensionality, improving
convergence speed (efficiency) and robustness of the analysis.

5.2.1. Setting of the variable inputs values
Before the calibration inputs updating, the variable inputs (i.e., E14 and ρ2) calibration should be independently performed in order to

reduce the propagation of the uncertainty of these parameters during the optimization phase; thus, corrupting the results of the model
updating. The defined ranges of variation for the variable inputs are reported in Table 11. Since E17 and ρ1 are associated to the same
structural elements to which E14 and ρ2 are associated (but referring to the new part of the pavilion), they were included in the
definition of the variable inputs value. To perform the variable inputs updating, just the vibrational modes of the vault were considered,
i.e., mode 1, 2, 3, 4, and 7, being mode 5 and 6 associated to the local behavior of the tympanum and less representative of the global
behavior of the system.

The lower limit of the densities is defined from the sensitivity analysis, which corresponds to the density of cement mortar. The
upper limit is defined in a way to consider the presence of many non-structural elements increasing the weight of the roof. On the other
hand, for the lower limit of the infill walls elastic moduli, a very low value is set to consider an almost null interaction with the main
structure. The upper value, instead, is defined as the upper limit given by the Italian regulations [45]. With the parameter ranges
defined, the algorithm was run. The result, in terms of mechanical parameter values, obtained is reported Table 11. It is evident that
the updated densities have much greater value than the initial ones, which is reasonable, as the initial value considers only the fer-
rocement material. On the other hand, the infill walls also undergo an increase of their stiffness with respect to their initial values,
being the old part of the hall the most impacted. The final elastic moduli of the infill walls are within the range given for this typology
according to the Italian regulations. Although this may seem counterintuitive, the updating was conducted considering modes which
are focused on the undulated roof, therefore, it does not necessarily represent the actual conditions of the infill walls, but it is rather a
numerical result which seeks to optimize the model capacity in capturing and replicating the undulated roof’s response.
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5.2.2. Calibration inputs updating
After the definition of the variable inputs values, the calibration inputs updating is performed. Although four parameters were

defined to undergo updating in this subsection the scope has been narrowed down to the roof local modes. This decision is supported by
the clear and demonstrated structural prominence of the roof and its substantial role in the dynamic response of the building.
Consequently, the updating parameters have also been restricted to those corresponding to the roof to ensure consistent results,
neglecting parameters that governs local behaviors of other components, i.e., E16, which corresponds to the front tympanum concrete.
Thus, the considered vibration modes were restricted to experimental vibration modes 1, 2 and 3, accordingly. Table 12 gives these
parameters along with the considered range, and results of the updating.

Even though a meticulous study was performed to define the geometry of the model, there is an external factor that was not
considered in the modelling, which is the presence of adjacent structures. The pavilion in fact is not isolated, and therefore some lateral
stiffness is neglected in the analysis. This is consistent with the previously obtained results, as the mode inversion is seen in the modes
that extend lateral, and where a variation in the lateral stiffness would have some effect, while the roof local modes (identified modes
1, 2 and 3) are predicted accurately and are not significantly influenced by an additional lateral stiffness. To solve the issue of mode
inversion the adjacent hall A should be included in the model, but that goes beyond the scope of this work. Consequently, the model
validation is conducted considering only the modes which are correctly captured by the model, specifically, experimental modes 1, 2
and 3, which are vibration modes of the undulated roof.

The updated roof’s elastic moduli are presented in Table 12, which indicates a negligible change in the modulus of new part (E1),
but a substantial reduction of the modulus of the old part (E2). Since the old part comprises most of the hall, a greater adjustment on E2
to calibrate the model is coherent. Table 13 reports the corresponding numerical modes and errors. The model appears to effectively
capture mode 2 and 3, with low frequency errors. However, mode 1 is weakly reproduced. TheMAC values for the experimental modes
2 and 3 are within the previously defined thresholds, indicating that the model replicates the mode shapes correctly. However, mode 1
is not well reproduced by the model. A possible reason for the discrepancies regarding mode 1 is that its effects, although it is a roof
local mode, extends laterally to the border structural elements, and to adjacent buildings that are not considered in the modelling of the
pavilion.

To verify the predicted mode shapes, the numerical modes 1, 2 and 4 are displayed in Fig. 12. The resulting plots confirm the
correctness of the mode shapes. Furthermore, the numerical inversion has been partially solved, with the updated model, correctly
placing the first 2 modes.

The numerical modes 3 and 5 are also illustrated in Fig. 13 to understand if the model suffered some higher impact due to the model
updating.

The accuracy of the FE model in replicating the mode shapes is evident, but their positioning is not. There is still an inversion
between the numerical modes 3 and 4. While numerical mode 5 corresponds to experimental mode 7, indicating a misplacement.
However, since experimental modes 5 and 6 are longitudinal modes, and the model has a weakness in replicating the hall’s behavior in
this direction, these discrepancies are not unexpected. Nevertheless, the updating was based solely on the undulated roof behavior, so
these discrepancies just represent additional remarks about the updated model.

Table 10
Most influencing material properties. *Variable inputs.

Property ID Description

E1 Elastic modulus of the roof ferrocement (new part)
E2 Elastic modulus of the roof ferrocement (old part)
E14* Elastic modulus of the infills (old part)
E16 Elastic modulus of the front part concrete (new part)
E20 Elastic modulus of the pillar concrete at floor 0 (old part)
ρ2* Density of the roof ferrocement (old part)

Table 11
Variable inputs, their calibration range, and results of the variable inputs updating.

Material property Min Value Max value Initial value Updated value

ρ1 1800 [kg/m3] 4500 [kg/m3] 2500 [kg/m3] 4282.9 [kg/m3]
ρ2 1800 [kg/m3] 4500 [kg/m3] 2500 [kg/m3] 4363.7 [kg/m3]
E14 0.002 [GPa] 5.60 [GPa] 2.00 [GPa] 4.99 [GPa]
E17 0.002 [GPa] 5.60 [GPa] 2.00 [GPa] 0.23 [GPa]

Table 12
Calibration inputs, their calibration range, and results of the calibration inputs updating.

Material property Min Value [GPa] Max value [GPa] Initial value [GPa] Updated value [GPa]

E1 5 35 26 34.60
E2 5 35 26 20.00
E20 21 44.5 32.71 44.10
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To conclude, the final material parameter properties are illustrated Table 14, where the updated variable inputs are highlighted in
light grey and the calibrated inputs in dark grey, while the results of the model validation procedure for the different step of analysis
are reported in Fig. 14.

Despite significant improvements in mode alignment, modes 3 and 4 remain inverted due to persistent discrepancies linked to
unmodeled structural interactions and local mass/stiffness uncertainties. In particular, the exclusion of adjacent building wings and
assumptions on boundary conditions likely affect the modal coupling in that frequency range. To conclude, from Fig. 14 it is possible to
notice that even if the procedure produced a slightly reduction of the natural frequency errors (between the experimental evidence and
numerical prediction), the error in coupling was drastically reduced, producing a numerical configuration less affected by model
discrepancy with respect to the initial model configuration, and thus more suitable for automatic model updating tasks.

6. Conclusions

Although there are many tools to detect a reversal of vibration modes, the automation of the correction of this problem is still an
unsolved problem, which however is crucial to ensure that the model updating is accurate. If these inversions are not addressed, the
updated model may not correctly represent the dynamic behavior of the structure, leading to inaccurate predictions and potentially
poor engineering decisions. Addressing the vibration mode reversal problem requires careful analysis of modal data, the use of cor-
relation metrics such as MAC, and an iterative process of model updating. This help to ensure that the predicted and experimental
modes are correctly aligned, improving the accuracy of the updated model.

Table 13
Results of the model updating.

Experimental
mode

Natural
frequency [Hz]

Matching
numerical mode

Predicted
frequency [Hz]

Final error in
frequency

Initial error in
frequency

Final error in
MAC

Initial error in
MAC

1 1.70 1 1.546 8.82 % 9.36 % 51.46 % 52.88 %
2 1.94 2 1.917 1.32 % − 1.22 % 26.51 % 25.09 %
3 2.19 4 2.234 − 2.10 % − 6.56 % 22.49 % 22.72 %

Fig. 12. Updated numerical mode 1, 2 and 4.

Fig. 13. Updated numerical mode 3 (a) and 5 (b).
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This work presented an effective procedure to mitigate the mode inversion problem by leveraging sensitivity analysis to identify the
most influential mechanical parameters and vibration modes for calibration. In particular, each parameter subset is updated using a
dedicated cost function that considers only the modal discrepancies it governs, ensuring decoupled optimization. This targeted cali-
bration prevents cross-parameter contamination, and help to reduce initial discrepancy which affect the reversal of vibration modes.
Thus, through a recursive calibration process, the updated model has been validated and verified against Operational Modal Analysis
results, ensuring.

Table 14
Final material properties of the model. Highlighted in grey are the variable (light grey) and calibration (dark grey) inputs.

Fig. 14. Results of the model validation procedure for the initial configuration (a) and the final outcome (b).
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• correct mode ordering (reduction of coupling error of 40 %) and;
• significantly reducing errors in modal parameters (reduction of natural frequency errors of about a 4 % over five modes and about
13 % over the three modes involved in the final updating of the calibration inputs).

Regarding the reference structure, three sources of uncertainty were identified, namely.

• the density of the roof;
• the stiffness of the infill walls and;
• the stiffness of the pillar heads.

The first two had a non-negligible influence on the dynamic response of the hall. In addition, another detected source of uncertainty
was represented by the presence of an additional building that interacts with the Hall B and that is likely to influence the lateral
stiffness of the structure, deriving in an impact on the vibration modes that expands laterally. This means affecting the 1st identified
vibration mode (in terms of natural frequency), the 4th identified vibration mode (in terms of natural frequency and mode coupling, i.
e., the mode is inverted), and the 7th identified vibration mode (in terms of natural frequency). Thus, as a future perspective, the
modelling of the adjacent structure should be conducted and included in the analysis of Hall B, in addition, due to the residual dis-
crepancies with experimental observations, definitive safety evaluation requires more advanced analysis. Once these discrepancies
will be reduced, the high-fidelity model will be able to support nonlinear dynamic simulations to quantify structural capacity and
identify damage-prone zones. In the meantime, the calibrated linear model enables preliminary assessment of stress intensification
patterns, allowing identification of critical areas where additional investigation or reinforcement may be necessary.
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