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Abstract

Current post-earthquake damage assessment of non-structural elements relies on manual
inspections that are time-consuming and subjective to each surveyor’s perception. The
SONATA project addresses this limitation through the development of a full-scale prototype
instrumented system, demonstrating the practical implementation of sensor-based
technologies and data-driven procedures to support fragility and damage evaluations fornon-
structural elements. This paper describes the theoretical and practical considerations driving
the design and assembly of a shake-table testing campaign being conducted at Eucentre’s
9DLAB facility. The work focuses on constructing a test specimen prototype capable of
tracking, through dense arrays of sensors and cameras, the dynamic behaviour of non-
structural elements and their damage evolution during realistic earthquake loading. The key
development aspects include comparative tests on specimens representing traditional [talian
building components for commercial buildings (e.g., light partitions, suspended ceilings,
mechanical equipment), a realistic setup replicating the actual boundary conditions and the
cross-interactions between elements, the combined use of heterogeneous sensors to monitor
global and local demands and response parameters, the use of advanced testing protocols to
accurately reproduce seismic actions at different floors by exploiting the unique capabilities
of 9DLAB in simulating relative motion between floors. By reproducing the actualconditions
observed in real buildings during ground shaking and planning systematic comparisons
between measured demands and observations of damage progression, the experimental
campaign will form the basis to develop and update fragility curves and to test and automate
the methodologies to assess damage to non-structural elements based on monitoring data.

Keywords: Experimental testing, Fragility functions, Non-structural elements, Bayesian
updating, Shake table.

1- INTRODUCTION

Post-earthquake damage to non-structural elements (NSEs) has consistently dominated economic losses and
downtime of buildings, as observed in Italy following the 2009 L'Aquila, 2012 Emilia-Romagna and 2016
Central Italy earthquake sequences, in which loss of functionality persisted well beyond the resolution of
structural safety concerns [1, 2, 3, 4], as well as internationally following the 2011 Christchurch and recent
Japanese earthquake sequences [5, 6], among others. Current practice still relies largely on manual field
inspections: engineers visit each building, initially assess damage to the structure from outside and, if it can be
safely inspected, document visible damage to structural components as observed inside the building and to
NSEs, such aspartitions, ceilings, cladding and mechanicalequipment [7, 8]. This process is inherently slow
and labour-intensive. Its reliability depends primarily on engineering judgment, access conditions of the
building and safety of the technicians [7, 8] and its scalability breaks down when several buildings must be
assessed within daysof a majorevent [9]. The outcomeis a systematic delay to informed decision-making on
re-occupation, repair prioritisation, and resource allocation,negatively affectingthe management of the post-
earthquake emergency and recovery phases.

The SONATA project (Sensor-driven statistical tools to evaluate risks and manage safety in the built
environment) addresses this gap by developing sensor-based technologies and data-driven procedures to
automate NSE damage assessment and support rapid post-earthquake decision-making. The proposed shake-
table campaign at Eucentre’s 9DLAB facility imposes independent motions at two adjacent floor levels,
measuring engineering demand parameters (EDPs) directly on each NSE through a comprehensive
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instrumentation layout. EDPs measured directly by sensor arrays, specifically peak storey drift (PSD) for drift-
sensitive elements and peak floor acceleration (PFA) for acceleration-sensitive ones, are used to derive
experimental fragility functions. Damage states (DS) are established by synchronising these measurements
with artificial intelligence (AI) image recognition from cameras. These paired EDP and DS observations are
then used to update existing analyticalpriors through Bayesian inference [10, 11], refining fragility estimates
as experimentaldata accumulate. This integrated approach supports automated damage assessment for NSEs
in monitored buildings. The experimental campaign will follow a two-phase structure: Phase 1 will test
individual NSE typologies (partitions, ceilings, claddings etc.) under controlled boundary conditions to derive
per-element fragility functions and build an image damage database for machine-learming model training;
Phase 2 will test a full prototype room with several NSE categories co-installed to investigate interaction
effects, update Phase 1 fragility functions under realistic seismic loading, and demonstrate the integrated
SONATA methodology in realistic conditions. For this purpose, a numerical model has been developed fora
case-study building, representing an 8-storey reinforced concrete (RC) moment-frame office building in
L'Aquila and designed in accordance with Eurocode 8 [12] provisions. The numerical modelis then used to
determine the floor-level demands, which serve as input in the testing protocol.

This paperpresents the design of the prototype testing campaign and its role within SONATA’s broader
sensor-based decision-support framework for NSEs. Section 2 outlines the methodology for EDP-based
fragility and Bayesian updating. Section 3 describes the prototype design, 9DLAB configuration,
instrumentation layout and testing protocol, while Section 4 discusses the expected outcomesin terms of NSE
fragility functions, framework validation, and concluding remarks.

2- METHODOLOGY

The SONATA framework targets autonomous, sensor-based damage assessment of NSEs for monitored
buildings: peak response quantities extracted from sensor recordings through signal post-processing are
mapped through experimentally derived fragility functions to estimate damage state exceedance probabilities
atbuilding scale. DSs are inferred by an Al-based image recognition model, trained on damage observations
from images acquired through cameras and drone surveys duringthe experimental campaign and supplem ented
by existing literature datasets. For each NSE category, a conditional probability of exceedance P(DS = ds; |
EDP) is defined over therelevant demand range, where EDP is a scalardemand parameter characterising the
demand imposed on the element at its bounding floor level, PSD for drift-sensitive elements and PFA for
acceleration-sensitive ones [13]. The experimental campaign follows a two-phase structure designed to first
build the tools required by the framework,then validate them under realistic conditions. Phase 1, illustrated in
Figure 1, targets individual NSE categories under controlled boundary conditions.

Individual NSEs testing
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Figure 1- Phase 1 methodology workflow. Individual NSE shake-table tests extract EDPs and assess damage
states, yielding experimental per-element fragility functions and a damage image dataset that, combined with
literature databases, produce the analytical priors and the training data for the AI damage recognition model.

DS assessment

A series of amplitude-scaled runs produces paired EDP and DS observations used to derive per-element
fragility functions. Shake-table campaigns are inherently resource-constrained: the number of test runs
executable within a finite laboratory bookingis insufficient, on its own, to estimate fragility model parameters
with classical maximum-likelihood methodsatacceptable confidence levels [10]. Analytical priors initialised
from existing literature-based fragility functions foreach NSE category [14,15,16,17,18,19,20]are therefore
incorporated into the Bayesian estimates to compensate forthe limited numberof available test runs. Phase 1
also produces a set of damage images that, combined with larger publicly available datasets, constitute the
training data for the machine-learning damage recognition model.
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Phase 2, illustrated in Figure 2, shifts the focus from element-level fragility derivation to integrated
system validation and rapid damage estimation, representing the core demonstration of the SONATA
methodology under realistic conditions.

Prototype room test
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using sensor-driven EDPs and assessment framework
prototype test Al-based DS recognition (SONATA)
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Figure 2- Phase 2 methodology workflow. A full-scale instrumented prototype with co-installed NSE categories
demonstrates the integrated SONATA framework through Bayesian fragility updating using sensor-derived EDPs
and the Al-based damage recognition model trained during Phase 1.

A full prototype room reproducing a representative office environment is assembled using the same
NSE categories tested individually in Phase 1, with floor-level demand inputs derived from the case-study
building model, generated with the SimDesign framework [21] for a site in the city of L’Aquila. This
configuration reproduces the boundary conditions and element interactions found in actual buildings. DSs are
established by synchronising peak response quantities from the sensor array with the Al-based image
recognition model trained during Phase 1, demonstrating the automated damage assessment capability
developed within SONATA. The resulting posterior fragility estimates propagate both modelling and
experimental uncertainty in a formally consistent manner and support damage estimation at building scale.

3- EXPERIMENTAL CAMPAIGN DESIGN

This section describes the specimen design, test facility configuration, instrumentation, and testing protocol
adopted for the experimental campaign. At the time of writing, the Phase 1 test series for gypsum partition
systems hasbeen completed at the 9DLAB facility, while the remaining tests on the other NSE categories are
scheduled within the project timeline. The Phase 2 prototype test is planned for a later stage of the project.

3-1- PROTOTYPE BUILDING DESIGN

The reference prototype represents a room of an eight-storey RC moment-frame commercial office building
designed forL’Aquila seismicity (soil class B, topography T1), with a regular 7 X 5 bay layoutand a bay length
0of 5.0 m, as shown in Figure 3. The prototyperoomis 3.3 X 3.3 m in plan,consistent with the bay dimensions
of'the case-study building. For the shake-table implementation, a constant clear inter-storey height of 3.0 m is
adopted,in line with contemporary Italian mid-rise office construction, where net clearstorey heights typically
range between 3.0 and 3.4 m once structural slabs and raised floor systemsare accommodated. The prototype
dimensions are therefore representative of the target building stock. Three NSE categories are targeted: interior
partitions (glass and gypsum board), suspended ceilings (unbraced and braced), and pressurised piping systems.
Together, these categories account for the majority of non-structural economic losses and post-earthquake
business interruption in Italian commercial buildings [1, 13].
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Figure 3- Case-study building adopted as the reference for prototype definition and floor-level demand derivation.

3-2- TEST SETUP AND FACILITY

The campaign is conducted atthe 9DLAB facility at the Eucentre Foundation in Pavia, Italy. The system
comprises two independently controlled shake tables, a lower and an upper platform, with an inter-table
distance 0f4.06 m. For this campaign,an uppertimber frame and a lower steel support frame with floor system
are installed to reduce the effective free height between the two platformsand align the test setup with the 3.0
m inter-storey height adopted forthe prototype. The lower table planis 4.80 X 4.80 m and theupper table plan
is 5.00 x 7.00 m, with a peak horizontalvelocity of 2 m/satthe baseand 3 m/s atthe upper table. The facility
operates over a frequency range of 0.3-60 Hz. For EDP-relevant limits, the horizontal displacement capacity
is £1.0 m (2.0 m total) for both tables (PSD-related bound), and peak horizontal velocities are 2.0 m/s at the
lower table and 3.0 m/s at the upper table (PFA-related bound). An overview of the 9DLAB shaking-table
facility with the installed specimensis shown in Figure 4. A minimum operatorclearance of approximately 0.5
m per side is maintained for installation and inspection access. Four corer regions and a 0.25 m perimeter
strip are excluded from use due to actuatorinterference and anchorage boundary constraints. Figure 5 shows
the specimen layout, in which both single-layer and double-layer gypsum partitions have been tested.

Figure 4- 9DLAB shaking-table facility at Eucentre with the gypsum partition specimens installed between the
lower and upper tables.
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Figure 5- Specimen layout on the shaking tables: plan view of the lower table (left) and lateral view (right),
showing the single-layer and double-layer gypsum partitions and the excluded boundary zones.

In single-table systems, reproducing the storey drift experienced by elements at different floor levels
requires physically constructing the intermediate floor structure, including the load-bearing frame and its
associated mass. The dual-table configuration of 9DLAB removes this constraint: the upper table directly
imposes the prescribed floor-level motion at the top boundary of the prototype, allowing inter-storey drift to
be reproduced without the need for an intermediate structural assembly.

3-3- INSTRUMENTATION AND DATA PROCESSING

Sensor deployment is designed to capture the EDPs required for fragility fitting while preserving unobstructed
optical access to each element surface for post-run damage classification. Optical acquisition is provided
through a combination of fixed laboratory cameras and repositionable tripod-mounted cameras, with
unobstructed lines of sight to each NSE surface maintained to support high-resolution image and video capture
during Phase | individual-element tests. This visual documentation supports post-run damage classification
and Al modeltraining. In the Phase 2 integrated prototype, the three-dimensionalassembly of co-installed NSE
categories limits optical access to individual element surfaces; Al-based damage recognition in this phase
draws primarily on model weights trained and validated during Phase 1.

Mechanicalsensing covers two physical quantities: acceleration andrelative displacement. Acceleration
sensors are deployed at multiple heights along the specimen to reconstruct floor-level and element-level
acceleration demands, the primary EDP for acceleration-sensitive NSE categories. Displacement sensors
measure relative motion between the lower table and the upperreaction frame, providing a direct experimental
estimate of PSD, the governing EDP for drift-sensitive elements including partition systems [13].

A subset of cost-effective micro-electromechanicalsystems (MEMS)-based sensors is co-located with
the laboratory-grade reference instrumentation at selected measurement points. This co-location enables direct
benchmarking of cost-effective sensor accuracy and frequency response against a trusted reference channel
under realistic seismic excitation. Acceptable performance of these devices in the frequency and amplitude
range relevant to NSE response would support their deployment in permanent in-situ monitoring networks of
the kind envisaged within the SONATA framework, where the practical constraints of building-scale
installation preclude the use of laboratory-grade instrumentation.

Raw sensor recordings are processed in three stages to extract scalar EDP values. Time-history signals
are first inspected foracquisition artefacts, baseline drift, and channel dropout, with affected channels corrected
or flagged before further processing. Signals are then filtered in the frequency band relevant to NSE response,
noting that building vibration of interest typically lies in the 1-10 Hz range for ambient response, with
earthquake response extending to higher frequencies for local NSE modes. PSD and PFA are subsequently
extracted for each run and assembled into the paired observation dataset used for Bayesian fragility updating,
together with DSs established through post-run image and video review.

3-4- TESTING PROTOCOL

The seismic input to the 9IDLAB system is delivered in acceleration controlmode. Two independent input files,
one for the lower table and one for the upper reaction frame, are prescribed simultaneously, directly
reproducing the floor-level motions at two adjacent slabs. The input motions are derived from non-linear
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response-history analyses of the case-study building subjected to the 2009 L'Aquila Mw 6.1 earthquake
recorded at the AQK station, retrieved from the European Strong Motion database. The record is applied at
incrementally scaled amplitudes, with scaling factors (SFs) ranging from 0.3 to 4.0, and the resulting floor
acceleration histories atthe base and at the first floor, where the largest drift demandsare expected, define the
lower and upper table inputs, respectively. A bandpass filter between 0.25 and 50 Hz is applied to the signals
to ensure compatibility with the shake-table requirements, and the amplitude of the transversal component is
reduced at the two largest SFs to remain within the displacement capacity of the tables. Between seismic runs,
low-amplitude white noise excitations are applied in each horizontal direction to track changes in the modal
properties of NSEs as damage accumulates. At the end of the seismic sequence, low-frequency sinusoidal
inputs of increasing amplitude are imposed to bring the specimens to more severe DSs.

The seismic hazard at the L'Aquila reference site is defined following NTC 2018 [22], assuming soil
class B, topographic category T1,and a return period of 475 years (life-safety limit state, SLV), and the selected
record is consistent with the corresponding target elastic response spectrum. The case-study building model,
generated with the SimDesign framework [21], provides the non-linear response predictions from which the
floor-level motions are extracted, and will similarly support preliminary verification of the prescribed table
motionsand estimation of expected NSE demands forthe Phase 2 prototype test. The input floor acceleration
time histories atthe reference intensity and their 5% damped response spectra, compared with the target elastic
response spectrum, are shown in Figure 6.
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Figure 6- Input floor acceleration time histories at SF 1.0 (a) and corresponding 5% damped response spectra
compared with the target elastic response spectrum (b).

Prior to the first seismic run, low-amplitude dynamic identification tests using white noise excitation
are conducted on the fully assembled specimen to characterise the modal properties of NSEs and establish
baseline sensor responses. These identification runs are repeated throughout the loading sequence to track
changes in dynamic properties as damage accumulates.

4- SUMMARY

This paperdescribed an experimental campaign to investigate the seismic behaviour of non-structural elements
and how sensor outputs can be used to derive fragility and risk-based metrics. The campaign is designed to
produce different types of output that together constitute the core deliverables of the SONATA project:
experimentally grounded fragility functions for the targeted NSE categories, and a validated framework for
sensor-based damage assessment for NSEs.

Phase 1 is expected to yield per-element experimental fragility functions for interior partitions (glass
and gypsum board), suspended ceilings (unbraced and braced), and pressurised piping systems, expressed in
terms of PSD fordrift-sensitive elements and PFA foracceleration-sensitive ones. These functions are expected
to offera more representative characterisation ofthe targeted NSE categories underItalian commercialbuilding
conditions than currently available in the literature [14, 15, 16,17, 18, 19,20]. Phase 1 also producesa trained
Al damage recognition model, validated against manually labelled observations from the same campaign,
capable of automated and repeatable damage state classification for NSEs from image and video input.
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Phase 2 is designed to validate the integrated operation of those two components under conditions
representative of actual buildings. Successful completion of Phase 2 demonstrates that the framework is
operationally viable and constitutes a direct evolution of the q-NAVI monitoring concept [23] towand
autonomous, sensor-driven NSE damage assessment. In operationaldeployment, cost-effective MEM S-based
sensor networks and co-located camerasreplicate the measurement chain developed in the laboratory, enabling
probabilistic damage estimation for NSEs without manualinspection. Where fixed camerasare not available,
drone surveys can provide the image input required by the Al-based damage recognition model, replacing
direct on-site image acquisition by technicians.

This paper has presented the design of a shake-table testing campaign conceived to advance sensor-
based, automated damage assessment of NSEs beyond the current state of practice. The two-phase
experimentalstructure, together with the integration of Bayesian updatingand Al-assisted damage recognition,
constitutes a scalable methodology for NSE damage estimation. When validated through Phase 2, this
framework is intended to support rapid post-earthquake decision-making across monitored buildings,
overcoming limitations of manualinspection demonstrated repeatedly following recent earthquake sequences.
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