e @ UvinsmipecusuoonNeeu-— [6ey0]a Politecnica e g ‘
@ J FEDERICO Il [delle Scienze diBase s DI

Universita degli Studi di Napoli Federico II

Dottorato di Ricerca in
Ingegneria Strutturale, Geotecnica e Rischio Sismico

THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Artificial Intelligence in Structural
Engineering: Use Cases for Safety
Management

by
GIULIO MARINIELLO

Advisor: Prof. Domenico Asprone

ScuoLA POLITECNICA E DELLE SCIENZE DI BAsSE

DIPARTIMENTO D STRUTTURE PER L’ INGEGNERIA E L’ARCHITETTURA






ARTIFICIAL INTELLIGENCE IN STRUCTURAL
ENGINEERING: USE CASES FOR SAFETY
MANAGEMENT

Ph.D. Thesis presented
for the fulfillment of the Degree of Doctor of Philosophy

in Ingegneria Strutturale, Geotecnica e Rischio Sismico
by

GIULIO MARINIELLO

March 2023

Approved as to style and content by

Prof. Domenico Asprone, Advisor

Universita degli Studi di Napoli Federico 11

Ph.D. Program in Ingegneria Strutturale, Geotecnica e Rischio Sismico
XXXV cycle - Chairman: Prof. Iunio lervolino

www.dist.unina.it /dottorati-di-ricerca/dottorati







Candidate’s declaration

I hereby declare that this thesis submitted to obtain the academic degree
of Philosophize Doctor (Ph.D.) in Ingegneria Strutturale, Geotecnica e
Rischio Sismico is my own unaided work, that I have not used other than
the sources indicated, and that all direct and indirect sources are
acknowledged as references.

Parts of this dissertation have been published in international journals
and/or conference articles (see list of the author’s publications at the end
of the thesis).

Naples, 07.03.2023

Giulio Mariniello






Abstract

Artifcial intelligence (AI) is the most disruptive technology of recent
decades. Notably, its implementation in many engineering fields has al-
ready begun to show the ability to improve design and construction meth-
ods, data management, and safety. Structural engineering plays a crucial
role in managing the safety of structures and infrastructures. Whether
at the design stage of a new building or during inspections of an existing
viaduct, engineers’ skills and knowledge must provide realistic judgments
that are capable of ensuring the required safety but, at the same time, are
economically, socially, and environmentally sustainable. In this process,
artificial intelligence makes it possible to assist structural engineers in per-
forming repetitive tasks or duties that require analyzing large amounts of
data.

This thesis reports several use cases of Al in performing structural
safety management operations throughout the structure’s life cycle.

The first use case is the design of irregular structures. It is complex
to obtain structural solutions with high structural performance for such
structures using traditional methodologies. Therefore, this thesis propose
a metaheuristic strategy for design optimization, the performance of which
are compared by the solutions provided by engineering students.

The second use case is the management of structural data flows during
construction. Proper and transparent management of material acceptance
reports, inspections, and load tests is a guarantee of materials and con-
struction processes. An Al and blockchain-based tool for automatic and
transparent data management increments safety and provide more confi-
dence in structures.

The third and fourth use cases are related to structure monitoring with
dynamic and static data. The dynamic is related to the interpretation of

accelerometer data for detecting, localizating, and quantifying structural
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damage understood as reduced stiffness and plastic hinge formation. The
static, instead, relates to the evaluation of prestress loss in prestressed
concrete lattice bridges from measurements of innovative pressure sensors.
The fifth use case is for supporting field engineers in post-earthquake in-
spections. Deep learning systems can process photos by identifying damage
and validating and supporting engineers’ opinions. Finally, the sixth use
case is for the use of metaheuristics approaches for scheduling maintenance
activities for a portfolio of bridges to minimize the portfolio’s carbon foot-
print while meeting the constraints of safety, cost, and available workforce.
A methodology based on implementing the Artificial Intelligence method-
ology was developed for each use case. The methodology were validated
using real-world data, where available or already in the literature, and

simulated data using computationally robust techniques.

Keywords: Structural Safety, Machine Learning, Blockchain, Artificial

Intelligence, Optimization




Sintesi in lingua italiana

L’intelligenza artificiale é la tecnologia piti dirompente degli ultimi de-
cenni. La sua implementazione nel settore delle Costruzioni ha gia iniziato
a mostrare la capacita di migliorare le modalita costruttive, la gestione dei
dati e la sicurezza. L’ingegneria strutturale ricopre un ruolo cruciale nella
gestione della sicurezza delle strutture e infrastrutture. Sia in fase di pro-
getto di un nuovo edificio che durante le verifiche di un viadotto esistente
& necessario che le competenze e le conoscenze degli ingegneri forniscano
dei giudizi realistici che siano in grado di garantire la sicurezza richiesta
ma allo stesso tempo siano sostenibili dal punto di vista economico, so-
ciale e ambientale. In questo processo I'intelligenza artificiale consente di
assistere gli ingegneri strutturisti nell’esecuzione di operazioni ripetitive o
che richiedono P’analisi di grandi quantita di dati. In questo lavoro di tesi
sono riportate diverse metodologie per l'implementazione dell’approccio
dell’Intelligenza artificiale nell’esecuzione di alcune delle operazioni per la
gestione della sicurezza strutturale durante tutto il ciclo di vita della strut-

tura.

Il primo caso d’uso & la progettazione di strutture irregolari in pianta.
Per tali strutture & complesso ottenere soluzioni strutturali con elevate
performance strutturali con le tradizionali metodologie. Si analizzano pro-
pone quindi una strategia metaueristica per la progettazione ottimizzata
e si testano le performance confrontandole con le soluzioni progettuali di

studenti di Ingegneria Strutturale.

Il secondo caso d’uso € la gestione dei flussi di dati strutturali in fase di
costruzione. La gestione corretta e trasparente dei report di accettazione
dei materiali, ispezioni e prove di carico ¢ una garanzia sui materiali e sui
processi costruttivi. In definitiva, uno strumento basato su Al e blockchain
per la gestione automatica e trasparente dei dati consente di aumentare la

sicurezza e la fiducia nelle strutture.
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Il terzo e il quarto caso d’uso sono relativi al monitoraggio delle strut-
ture. Il terzo é relativo all’interpretazione dei dati accelerometrici per la
rilevazione, localizzazione e quantificazione del danneggiamento strutturale
inteso come riduzione di rigidezza e formazione di cerniere plastiche. 1l
quarto, invece, é relativo alla valutazione della perdita di precompressione
in ponti a graticcio in c.a.p. a partire dalle misure di innovativi sensori di
pressione.

Il quinto caso d’uso é per il supporto agli ingegneri di campo nelle
ispezioni post-sisma. Infatti, sistemi di deep learning possono processare
le foto individuando i danni validando e supportando i pareri dei tecnici.

Infine, il sesto caso €& relativo all’utilizzo di metaeuristiche per lo schedul-
ing delle attivitd di manutenzione di un portfolio di ponti con l'obiettivo
di minimizzare la carbon footprint del portfolio rispettando i vincoli di
sicurezza, costo e manodopera disponibile.

Per ciascuno dei casi d’uso é stata sviluppata una metodologia basata
sull'implementazione dell’approccio dell’Intelligenza artificiale. Gli ap-
procci sono stati validati utilizzando sia dati reali, qualora disponibili o
gia presenti in letteratura, sia dati simulati utilizzando tecniche robuste e

sostenibili dal punto di vista computazionale.

Parole chiave: Sicurezza Strutturale, Intelligenza Artificiale, Machine

Learning, Blockchain, Ottimizzazione.
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Introduction

A country’s economic growth is strongly correlated to its infrastructure
endowment. Buildings, roads, bridges, airports, railways, and ports are
critical assets for the long-term development of countries that increasingly
need more facilities and routes.

Therefore, the health of the Architecture, Engineering, and Construc-
tion (AEC) sector is a critical aspect of a country’s well-being.

In addition, only the construction sector accounts for between 13% and
15% of the world’s Gross Domestic Product, thus highlighting a direct
significant on the economy in the short term [17].

Despite being one of the most impactful sectors, the construction field
shows a high degree of resistance to changes due to numerous factors, such
as lack of digitalization, low-skilled labor, and others. These issues results
in limited growth of the sector. In fact, differently from all other industry,
the AEC has only increased by 1% annually over the past two decades
showing all its limitations [161].

Challenges in the AEC sector are related to more than just inefficiency.
Over the past two decades, the sector has faced material and labor short-
ages, managing aging facilities and infrastructure, and limited economic
resources. In addition, the need to comply with regulations that take into
account environmental concerns has made projects even more difficult to
implement.

On the other hand, with the widespread diffusion of digital systems
and the revolution of Industry 4.0, new opportunities opened in the 2010s
for the construction sector.

Industry 4.0, also known as the Fourth Industrial Revolution, is a term
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used to describe the current trend of automation and data exchange in
manufacturing technologies, including developments in artificial intelli-
gence, the Internet of Things, and cyber-physical systems. This trend
is expected to profoundly impact how companies do business and could
lead to increased productivity, efficiency, and profits [106, 13].

Structural engineering is one of the main areas where research and
development have focused on implementing Industry 4.0 technologies, es-
pecially Artificial Intelligence (AI). Al is the ability of computer systems
to perform tasks that usually require human intelligence, such as learning,
problem-solving, and decision-making. It is disruptive in different areas
of industry, and it is the most promising technology to implement in the
AEC sector. Al has the potential to revolutionize the field of structural en-
gineering by automating specific tasks, improving accuracy, and reducing
the need for human labor. For example, Al algorithms can quickly analyze
and compare multiple design options, helping structural engineers find the
most efficient and effective solution. It can also be used to optimize the use
of materials in construction, reducing waste and increasing sustainability.

This thesis analyzed solutions based on Al for the improvement of
structural safety implmententing smart designing, transparent construct-
ing data flow, smart monitoring and inspections, and low emission in main-
taining. Specifically, the potential of Al methods was analyzed for each
stage of the facilities’ life cycle and then used by developing a method to
support designers and engineers, increase the safety level of facilities, and
reduce emissions. The main idea is to define procedures and methodologies
based on AI that will permit the existing structures to become smarter.

Figure 1 a diagram highlighting the structure of the thesis by identify-
ing the structural stages and different chapters.

DESIGN CONSTRUCTION MONITORING INSPECTION MAINTENACE

Chapter 5: Chapter 6:

Dmg detection Maintenance
from images scheduling opt.

Figure 1. Thesis structure




For each stage, traditional procedures were analyzed, and a logical-
mathematical representation was reconstructed to highlight current limi-
tations and possibilities for applications of innovative techniques.

In this context, mathematical models and numerical simulations were
used to represent the behavior of structures to investigate the applicability
of the proposed methodologies.

The objective of Chapter 1 is to propose a hybrid technique that can
support the designer in identifying the dimensioning of highly irregular
structures. In this way, a structure can make the best use of its structural
capabilities by avoiding stress localization, i.e., not using all its ductile
reserves. The capacity-based approach introduced the issue of evaluating
the regularity in the dynamic behavior of structures. In particular, while
earlier regulatory codes treated reinforced concrete (r.c.) structures in-
dependently from their regularity in plan and elevations, modern design
rules consider regularity by penalizing irregular structures by tuning the
behavior factor. Since controlling the structure’s dynamic behavior is par-
ticularly challenging when dealing with irregular plans, common sense rules
and classical preliminary dimensioning (pre-dimensioning) methods often
require several trial-and-error attempts to achieve a satisfactory dimen-
sioning. Consequently, this intrinsic complexity fosters the development of
practical and automated algorithmic procedures that can provide reliable
dimensioning solutions for many structural typologies.

To achieve a high structural performance system, there is a need not
only for sophisticated design methodologies but is necessary to guarantee
the quality of materials and construction methodologies. Therefore, fol-
lowing the flow shown in the Figure 1, the focus of the thesis shifts to the
construction phase.

From the material acceptance test to the last structural test during the
closeout phases, lots of documents are produced for each phase related to
a specific aspect of structural safety. For instance, when materials arrive
on the construction site, their datasheets are stored, and according to
the national code, many tests are made to establish material conformity.
The interaction between Blockchain technology and artificial intelligence
permits the building of a framework to certify exchanged data and check
structural information’s formal and substantial validity.

Chapter 2 proposes a proof-of-concept of integrating blockchain tech-
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nology and smart contract into information flows that deploy among differ-
ent Common Data Environments (CDEs). The ultimate purpose is to im-
prove transparency and coordination of information flow related to struc-
tural safety during construction and closeout phases. To this end, this
work will refer exclusively to the construction process of structural sys-
tems.

In detail, structural and civil engineers with the role of Project Man-
agers and inspection engineers oversee construction works and ensure the
structural safety of works by:

1. Checking structural materials when they arrive on construction sites;
2. Interpreting and analyzing results of tests on structural materials;

3. Inspecting structural systems to ensure compliance with safety stan-
dards and project specifications;

4. Overseeing closeout tests.

These are primarily manual human-dependent tasks that return reports
in PDF format or scanned paper documentation as outputs that often re-
quire collecting multiple signatures. Nonetheless, this documentation is
fundamental to demonstrating the safety and integrity of as-built struc-
tural systems; therefore, it represents an essential asset information model
(AIM) component. Additionally, this documentation is exchanged mainly
by email (or certified email) to collect signatures. Sometimes, this pro-
cess is manually executed when digital approaches still need improvement.
Consequently, efficiency, consistency, and coordination of structural-safety
outputs suffer from these traditional approaches, which entail delays, re-
dundancy, loss of documentation, and errors caused by human-depended
document management.

Despite the significant developments in design and construction, the
most challenging objective for structural engineering is to ensure adequate
safety levels for existing structures and infrastructures (Fig.1).

Chapters 3 and 4 discuss two different methodologies for structural
damage detection, localization and evaluation.

Structural health monitoring (SHM) involves the implementation of
detection and data-collection schemes to measure physical responses and




assess the current state of a system’s health and operations. The physical
response of the system can be measured according to a wide variety of
parameters that depend both on the structure of interest and case-specific
requirements. For example, health monitoring can be based on measures
of local accelerations, displacements, rotations, temperature, corrosion- in
metal components -local stresses and strains, and so forth. A constant chal-
lenge of SHM is to correctly identify when the measurements obtained are
due to damage caused by, for example, structural deterioration or earth-
quakes rather than the natural or stable movement of the structure in its
environment. Based on the structural response, the goal of SHM is to
correctly detect damages, assessing - with an increasing level of detail - (i)
damages’ presence; (ii) geometric locations of damages; (iii) damage sever-
ity; and an (iv) estimation of the remaining service life of the structure,
e.g., see [165, 58, 35, 65]. Properly implementing a monitoring system
can help detect deterioration in structures early, increase safety levels, and
bring efficiency and effectiveness to maintenance operations.

Chapter 3 reports D> — DTE framework for structural damage detec-
tion based on the classification of dynamic properties of the structure. The
presented methodology consents to identify, localize and quantify struc-
tural damage using a Decision Tree Ensemble Algorithm to assess the
health condition of the monitored structure.

Despite the excellent performance in stiffness reduction identification,
vibration data show low sensitivity to the damage of prestressed concrete
(PSC).

In the '60s and ’70s, the unprecedented wide use of PSC allowed the
construction of large-span bridges in short times [18]. However, over the
years, some shortcomings of this structural paradigm became apparent,
with the main issues related to tendon durability and proneness to cor-
rosion phenomena [107]. Nowadays, the status of these aging structures
presents a widespread threat to reliability and safety.

These issues give rise to a growing need to monitor and maintain PSC
bridges to prevent failures that could severely harm the health of their
users. Indeed, several durability-related events were recorded in the past
few years, such as the one affecting the Hammersmith Flyovver [42], and
the collapse of the Polcevera bridge in Genoa, in which a sudden shearing
of the prestressing cables caused the death of 43 people [29].
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Therefore, Chapter 4 presents a new computational methodology based
on Extreme Learning Machine (ELM) to estimate the remaining prestress
levels in longitudinal beamns of girder bridges.

Although structural health monitoring offers high opportunities for
damage detection and residual lifetime evaluation, accurate inspections
must be considered in critical situations such as after an earthquake. In-
deed, human intervention is needed under certain conditions to quickly
assess the state of structures in a wide area, while only a little part of it is
provided with sensors. Moreover, on some occasions, the event may be of
such magnitude that the monitoring system may be compromised. Then,
concerning Fig. 1, we move on to the structure inspection stage.

After a seismic event occurs, public protection authorities initiate res-
cue procedures in seismic areas. The organization of rescues requires an
expeditious assessment of the areas most subjected to damage and the
identification of the safest access routes. Numerous studies about seismic
damage simulation in inhabited areas are based on building characteristics.
Despite the high simulation reliability, detecting actual damage conditions
is essential to characterize the scenario better. In this context, systems for
rapid damage assessment using Unmanned Aerial Vehicles (UAVs) could
better characterize maps and define the details of rescue missions. When
the rescue operations are over, rapid assessments of damaged structures
are mandatory before allowing access to residents. The structures are eval-
uated by groups of volunteer engineers, who compile synthetic reports on
the state and define the practicability of the building. Technicians quickly
evaluate hundreds of buildings in complex contexts; this determines a high
risk of error in verifying and compiling reports. With this in mind, Chapter
5 proposes a methodology to support engineers in inspection, using a Con-
volutional neural network to identify damages in the photo of inspected
structures.

In the last part of the thesis, the attention is focused on scheduling
structural maintenance activities (Chapter 6), specifically for large portfo-
lios of bridges. In fact, due to the widespread diffusion of aging infrastruc-
tures, timely maintenance is a fundamental element to ensure serviceabil-
ity and adequate safety levels. One of the first conventional approaches to
planning interventions is time-based maintenance. According to this strat-
egy, components are replaced or maintained at fixed time intervals without




analyzing their actual conditions. Therefore, this proactive and conserva-
tive strategy yields regular and possibly unnecessary interventions. This
paradigm processes the information of inspections and monitoring systems
and plans maintenance interventions as soon as either damage or danger-
ous degradation is detected. Apart from these two classical paradigms,
many research efforts studied the planning of maintenance operations to
address the challenges of having efficient structures with reduced costs.
In this context, the Chapter proposes a maintenance operations schedul-
ing algorithm to reduce the emissions that allows emissions to be reduced
while ensuring the appropriate performance required and meeting budget
and workforce constraints.

Thesis Outline

The thesis is composed of six chapters:

e Chapter 1 presents an algorithmic procedure for structural perfor-
mance optimization in the structural design phase;

e Chapter 2 provides a Proof of Concept of blockchain and artificial
intelligence for managing and verifying documents of structural rel-
evance;

e Chapter 3 and Chapter 4 discuss two different SHM data interpreta-
tion methodologies, the first based on dynamic data from accelerom-
eters, while the second from innovative stress sensors;

e Chapter 5 proposes a Deep Learning-based method for image analysis
of earthquake-damaged structures;

e Chapter 6 reports on an optimized scheduling strategy of bridge
maintenance activities for reducing environmental impact.







Chapter

Al in Design: Optimized
structural design of irregular
buildings

1.1 Introduction

The use of optimization algorithms in structural design and construc-
tion has recently seen significant growth, given the advancements in the
study of optimization techniques and the diffusion of powerful computa-
tional hardware. Therefore, in recent years, research works on structural
optimization increased drastically. However, most of the papers in the
literature focus on cost-minimization problems. In this approach, struc-
tural performance is often considered a constraint to ensure. For example,
Mirzaei and Nasserasadi [135] describe a Genetic Algorithm to minimize
life-cycle cost of structures designed for a probable earthquake, and over-
come the computational challenges of life-cycle cost estimations making
use of an efficient methodology based on fragility functions.

Rezaeian and Der Kiureghian [162| propose an Evolution Strategy tech-
nique to optimize the cost of the structure, expressed as a function of its
weight, and analyze the structural performances by means of a nonlinear
response history analysis. The approach is validated in the optimization
of two 2D r.c. frames, respectively characterized by 2-storeys and 1 bay,
and 6-storeys and 2-bays.
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By means of two cosmology-based meta-heuristics, Gholizadeh et al.
[72] optimized the cost of planar structures, under performance constraints,
such as element stress and nodal displacement in the case of steel frames.
In particular, the cost function is expressed either using weight as a proxy
—in the optimization of steel structures — or as a direct estimation — when
dealing with r.c. frames. The proposed approach is validated on a set of
2D test cases composed of truss structures, and steel and r.c. frames.

Addressing cost minimization, Camp and Huq [30] adopted a hybrid
Big Bang-Big Crunch algorithm to design optimized r.c. frames, including
also a study on the optimization of a COs emission function. From their
analysis, the authors evidenced how the structure obtained considering
CO9 emissions in the objective function is characterized by a relatively
small increase in the cost with respect to the structure achieved by means
of classical cost minimization, thus evidencing that it is possible to design
more sustainable r.c. frames at a reasonable cost.

Differently from cost optimization algorithms, recent developments con-
sider the use of heuristics approaches to optimize structural performances.
These scientific contributions can be mainly classified according to the de-
cision variables of the problem, i.e. the structural parameters modified in
the optimization process.

Extending the works presented by Miles et al. [133], Shaw et al. [174]
optimized column overall height and grid uniformity in orthogonal framed
building, by means of an algorithmic frameworks named OBGRID, that
explored optimized configurations of column spacings trough genetic oper-
ators.

In the context of beam-slab layout design, starting from the genetic
algorithm described in Nimtawat and Nanakorn [142], the same authors
[143] discussed the problem of column utilization efficiency in rectilinear
structures. In particular, the genetic algorithm adopted evaluates how
efficiently the columns sustain slabs, while enforcing constraints related to
the layout of walls, the maximum slab dimensions, and the total floor area.

Sharafi et al. [173] formulated the problem of achieving an optimized
conceptual designs as a variation of the classical knapsack problem [182].
The authors described a mathematical for