
Relatore: 
Ing. Gianluca Quinci, PhD

Membro della commissione Valutazione e mitigazione dei rischi da eventi naturali negli impianti industriali 

Il rischio NATECH negli impianti a rischio di incidente rilevante: lo studio del 
comportamento dinamico e la modellazione numerica dei componenti industriali

Seminario tecnico: “Il Rischio NATECH negli stabilimenti industriali: le principali sfide 
poste dalle attività di analisi, valutazione e controllo”

Ordine degli Ingegneri della Provincia di Roma, P.zza della Repubblica 59 – Roma 25/01/2024



Ordine degli Ingegneri della Provincia di Roma, P.zza della Repubblica 59 – Roma 25/01/2024

OUTLINE

• INTRODUCTION AND MOTIVATION

• DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGNS AND PRINCIPAL RESULTS ON A BFJ

• DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGNS AND PRINCIPAL RESULTS – SPIF#1

• DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGNS AND PRINCIPAL RESULTS – SPIF#2

• MODELLING ISSUES OF INDUSTRIAL NON‐STRUCTURAL ELEMENTS

• RISK ASSESSMENT OF A NON‐STRUCTURAL ELEMENT

• CONCLUSIONS AND FUTURE DEVELOPMENTS



Ordine degli Ingegneri della Provincia di Roma, P.zza della Repubblica 59 – Roma 25/01/2024

INTRODUCTION AND MOTIVATION
Process plants are complex systems which includes a
numerous components such as tanks, piping system,
vessels etc.
Due to the nature of these raw materials that are treated in
petrochemical plants, they are the second most vulnerable
type of industrial installation after nuclear plants when
subjected to Na-Tech events (especially earthquakes).

Approximately 8% of total accidents in industrial
facilities are caused by earthquakes

Seismic behavior of support structures in major hazard
industrial plants is therefore of paramount importance.

It is noteworthy that whilst several aspects in terms of
design and analysis are still unresolved, code-
compliant methods demonstrated to result in very poor
predictions and to be often dated and inadequate.

The seismic behaviour of industrial facilities was
intensively studied with numerical models, but there is a
lack of experimental test in literature.
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STATE OF ART OF SEISMIC RISK ASSESSMENT OF INDUSTRIAL PLANTS 
AND THEIR NON-STRUCTURAL COMPONENTS (NSC)

1. Lack of information in the literature and in the codes about the seismic response of the secondary
element and related reliable limit states. In particular, the seismic behaviour of NSCs is a topic to be
deeply investigated, since their particular dynamic interaction with the primary structure. Furthermore, the
presence of hazard materials within them, whose release can trigger dramatic accidents is paramount
of importance.

MAIN CRITICAL ISSUES IN THE SEISMIC RISK ASSESSMENT OF NSC:

RESEARCH PROJECT CONTRIBUTION:

1. Wide experimental campaigns have been conducted during this research, in order to fix
point 1. The first two campaigns have been developed within the SPIF project,
developed inside the European H2020 SPIF research framework. The aims were to test
by means a shaking table test two different configuration of primary industrial steel
structures equipped with NSC. The last one was conducted in Roma Tre Laboratory in
order to investigate the mechanical behaviour of a Bolted flange joint (BFJ) of a pipe
under cyclic loads.



EXPERIMENTAL TEST CAMPAIGN 
Bolted Flange Joint test at Roma 3 Laboratory 

A BFJ equipped with traditional and FBG sensors
has been tested by means of an hydrualic actuator
with 250kN and velocity of 0.02mm/s



EXPERIMENTAL TEST CAMPAIGN – BFJ test at Roma 3 Laboratory 



EXPERIMENTAL TEST CAMPAIGN – Leakage detection
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SUMMARY EXPERIMENTAL TEST CAMPAIGN 
BFJ TESTED AT ROMA3 LABORATORY

 The importance of studying the behavior of a Bolted Flange Joint

 The importance to establish a leakage domain in order to predict the leakage detection

 The possibility to monitor the BFJs with FBG sensors in ATEX enviroment

REFERENCES
Paolacci, F., Quinci, G., Nardin, C., Vezzari, V., Marino, A., & Ciucci, M. (2021). Bolted flange joints 
equipped with FBG sensors in industrial piping systems subjected to seismic loads. Journal of Loss 
Prevention in the Process Industries, 72, 104576.
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DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGNS AND 
PRINCIPAL RESULTS 

SPIF #1- #2 EXPERIMENTAL TEST CAMPAIGNS OBJECTIVES:

 Study of the seismic behavior of multi-component systems in
special risk industrial facilities

 Dynamic behaviour of pipes and their connections due to
seismic induced relative displacements

 Derivation of simplified calculation approaches to consider
structure-component interactions

 Definition of performance objective and reference limit states
for industrial primary structure and equipment based on
experimental results

 Study of structure-component interaction
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DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGN –
SPIF #1 
PRIMARY STRUCTURE DESCRIPTION:

 Three-storey moment resisting steel frame with
dimensions of 3.7 x 3.7m and a total height of 9.3m

 Flexible diaphragm
 Columns: Fully clamped
 RC base plate (4.8 m x 4.8 m, t = 0.4m)
 Moment resisting frames in the direction of the seismic

excitation
 Two braced frames in transverse direction to avoid

torsional effects
 Tension/compression bracings with circular cross-

section

 2 vertical vessels
 2 horizontal vessels
 Electrical cabinet
 Connecting pipes (DN 100)
 Pressurized pipes
 Suspended pipes on the 3rd 

storey
 Conveyor

SECONDARY ELEMENTS  DESCRIPTION:
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Pumps and valves for pressurization
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Suspended pipes, 3rd level
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DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGN –
SPIF #1 

INSTRUMENTATION

 Acceleration sensors
 Strain gauges
 Displacement transducers
 Fiber sensors
 Optical measurement system

A6

A5

A7

A9

A12
A13

TANK 1

TANK 2

A10

A8

A11
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DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGN –
SPIF #1 
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TEST PROGRAMME AND PRINCIPAL RESULTS – SPIF #1 
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 Three‐storey braced steel frame

 Bracing system, it is endowed with circular 
sections of 24𝑚𝑚 diameter and with a non‐
dimensional slenderness 𝜆 = 1.44, in the 
direction of the seismic input 

 No pipe rack were present at third floor 

 Damages of the first test were fixed

 New seismic input  

DESCRIPTION OF EXPERIMENTAL TEST CAMPAIGN –
SPIF #2
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TEST PROGRAMME AND PRINCIPAL RESULTS – SPIF #2 

Br.S.#1
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TEST PROGRAMME AND PRINCIPAL RESULTS – SPIF #2 

Leakage predictions for BFJ

Fig.2 ‐ 2 Leakage predictions 
for BFJs and interaction 
domains with and w.o. safety 
factors for DBE condition.
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TEST PROGRAMME AND PRINCIPAL RESULTS – SPIF #2 

Vathi M, Karamanos S, Kapogiannis I, Spiliopoulos K. Performance Criteria for Liquid Storage Tanks and Piping Systems Subjected to 
Seismic Loading. Journal of Pressure Vessel Technology 2017; 139. doi: 10.1115/1.4036916
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COMPARISON  SPIF #1  - SPIF #2

Table 1 – Modal masses values and ratios.
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SUMMARY EXPERIMENTAL TEST CAMPAIGN 
SPIF #1– SPIF #2 
 Study of the seismic behaviour of two differet industrial substructures equipped with technical components 

by means of a shaking table test

 Dynamic interaction between primary structure and installations 
shall be considered and the influence of the primary structure has to be taken in account

 Flexible pipe system showed a high robustness

 Rather high amplification of floor accelerations

 The definition of reliable limit states and performance requirements for NSC is a critical open issue to be 
fixed

REFERENCES
• Butenweg, C., Bursi, O. S., Paolacci, F., Marinković, M., Lanese, I., Nardin, C., & Quinci, G. (2021). Seismic performance of an 

industrial multi‐storey frame structure with process equipment subjected to shake table testing. Engineering Structures, 243, 
112681.

• Nardin, C., Bursi, O. S., Paolacci, F., Pavese, A., & Quinci, G. (2022). Experimental performance of a multi‐storey braced frame
structure with non‐structural industrial components subjected to synthetic ground motions. Earthquake Engineering & Structural 
Dynamics, 51(9), 2113‐2136.

• Paolacci, F., Quinci, G., Nardin, C., Vezzari, V., Marino, A., & Ciucci, M. (2021). Bolted flange joints equipped with FBG sensors in 
industrial piping systems subjected to seismic loads. Journal of Loss Prevention in the Process Industries, 72, 104576.
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STATE OF ART OF SEISMIC RISK ASSESSMENT OF INDUSTRIAL PLANTS 
AND THEIR NON-STRUCTURAL COMPONENTS (NSC)

2. The definition of reliable and effective models of this particular kind of structures. It is necessary, in fact,
to develop efficient finite element models that are, on the one hand, (i) reliable and, on the other hand, (ii)
accurate to the point of being able to capture the complex dynamic interactions between the main
structure and components. In particular, attention must be paid to the computational burden: for a practical
seismic risk assessment, a good trade-off between computational weight and calculation time must be
found.

RESEARCH PROJECT CONTRIBUTION:

2. This study have examined the design and performances of a 3D FE model validated
against data acquired during shake table tests of the real mock-ups, in order to better
analyze issue (2). The rationale behind implementing the models relies on finding an
optimum between (i) accuracy and fidelity to the experimental data and (ii) the
computational and time burden required by a single run of the FE model.
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REFINED FINITE ELEMENT  MODEL
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MODELLING DESCRIPTION
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MODELLING CALIBRATION AND VALIDATION

ITERATION
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FRAGILITY ANALYSIS

FRAGILITY CURVE
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RISK ANALYSIS
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SUMMARY EXPERIMENTAL TEST CAMPAIGN 
SPIF #1– SPIF #2 

 The importance of taking secondary elements into account when modelling industrial plants

 The importance of obtaining reliable, yet efficient numerical models that allows a certain number of 
simulations to carry out risk assessment

 The possibility of obtaining hybrid models calibrated to more refined local models

REFERENCES
Quinci, G., Nardin, C., Paolacci, F., & Bursi, O. S. (2023). Modelling of non-structural components of an 
industrial multi-storey frame for seismic risk assessment. Bulletin of Earthquake Engineering, 21(13), 
6065-6089.
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CONCLUSIONS AND FURTHER DEVELOPMENT
• Analysis of the existing seismic risk assessment methodologies for industrial plants, individuating the relative open 

issues.

• Development of a wide experimental test campaign on industrial facilities and their secondary elements, in order 
to better understand the structural behavior of this kind of complex structures and evaluate reference limit states
and relative threshold.

• Study of a simplified FEM calibrated and validated on the base of experimental results to carry out efficiently 
structural analysis. 

• Development of a Machine Learning based framework for the risk assessment of industrial structures and 
equipment

FUTURE RESEARCH

• Integrate within the ML based framework the ability to update the ANN surrogate model with data
coming from the Structural Health Monitoring, in order that up‐to‐date risk assessment are always 
available, considering the effective health condition of the structure.
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AN INTERESTING ALTERNATIVE – MACHINELEARNING 
TECHNIQUES 

ANN-1 Regression model for the generation of  
the components of  the Vector-Valued IM

ANN-2 classification model to 
generate damage events

n. damage events
n. Total events

Mean annual frequency 
of  occurrence of  

damage
Training and validation of
regression ANN model by means
of selected accelerograms

Training and validation of
classification ANN model by
means of FE analyses

Input

Output
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