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Abstract

A wide part of the European built heritage consists of masonry constructions originally
designed with very limited if not completely absent earthquake resisting criteria, exposing
the structures to possible fragile collapse mechanisms during earthquakes. Therefore, it
is evident that the evaluation of the health state of these types of buildings after a seis-
mic event plays a fundamental role in the preservation of human life and the historical
and cultural building heritage. Structural Health Monitoring (SHM) systems represent a
possible solution to this problem by allowing the assessment of the structural performance
of the monitored construction during its service life, even in real-time or rapidly after an
earthquake, as well as enabling scheduling of maintenance and retrofitting interventions.
Although the usefulness of such systems is widely recognized, their application on masonry
constructions is still limited due to practical drawbacks experienced in the use of the off-
the-shelf sensing technologies. Recent developments in materials engineering introduced
in the field of SHM the use of smart materials obtained by doping traditional construction
materials, such as cement-based ones, with conductive fillers capable of improving the elec-
trical and sensing properties of the base matrix, giving to the composite the capability of
detecting changes in its strain conditions through the output of specific electrical signals.
This Ph.D. thesis extends a similar concept to masonry buildings investigating the innova-
tive smart brick technology, which consists of clay bricks doped with suitable conductive
fillers and thus capable of revealing changes in their strain conditions by leveraging on their
improved piezoresistive capability, i.e. by varying their electrical outputs accordingly.

The Thesis aims to promote the development of this newly conceived technology by ad-
dressing the missing/incomplete aspects in the reference literature, with the main objective
of comprehensively designing, producing, and characterizing a reliable smart sensing device
suitable for seismic SHM of masonry constructions. The choice of the most suitable con-
ductive filler, the type of electrodes to be used for electrical measurements, the production
process, and the sensing principle of the smart bricks are investigated. Furthermore, exper-
iments are carried out to properly characterize the electrical, electromechanical, physical,
and mechanical properties of such brick-like sensors. The Thesis also proposes two mean-
ingful full-scale applications of the smart brick technology to demonstrate the effectiveness
of the novel sensors in detecting and locating damages developed on masonry constructions,

in particular, by focusing the attention on those induced by earthquake loading. Strategies



for performing damage detection and localization by processing the measurements from the
smart bricks are therefore proposed, while mechanical models are built to reproduce the
performed experimental tests with the aim of numerically interpreting the outputs from
the novel sensors physically installed within the tested specimens. The obtained results
demonstrate that the proposed new formulation of smart bricks can be effectively employed
for the post-earthquake assessment of masonry constructions, bringing the technology to
a readiness level that is mature for field validation.

Keywords: Smart bricks, Masonry structures, Structural health monitoring, Damage de-

tection and localization,  Self-sensing  structural materials, Smart materials.
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Chapter 1

Introduction

1.1 Background and motivations

Recent ITtalian seismic events have sparked the interest of the entire European Community
on the issue of the seismic vulnerability assessment of the built heritage, pointing out how
the inadequate seismic safety level of several existing structures, most of which designed
with outdated or even without any criterion for earthquake resistant design, is among the
main causes of earthquake-induced damages and significant human, financial and function-
ality losses that occurred in the last decades. The situation is even more serious considering
that about 60% of the European building heritage is represented by masonry structures,
including historic and monumental constructions, which are typically prone to premature
collapses, without any sign useful for early warning, due to the development of fragile crisis
mechanisms during seismic events (Fig. 1.1).

In light of that, the preventive conservation of residential and cultural masonry buildings
against the seismic hazard is an urgent priority, which demands tools capable of providing
a quick evaluation of the structural conditions of the struck constructions immediately af-
ter an earthquake, so as optimizing retrofit and restoration interventions and, if necessary,

promptly installing safety provisions for preventing further collapses during after-shocks.
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Figure 1.1: Tllustrations of earthquake-induced damages on masonry structures.

A possible solution to address this need in the field of structural engineering is to equip
masonry structures with appropriate Structural Health Monitoring (SHM) systems for the
evaluation of their structural integrity in real-time, including their post-earthquake as-
sessment. Indeed, information gathered from SHM systems can be extremely useful to
reveal if the construction being monitored is safely operational or it has reached some limit
state. Nevertheless, despite the benefits that SHM systems can provide, their large-scale
deployment in masonry constructions is rather limited nowadays, mostly due to practi-
cal drawbacks experienced in the use of the off-the-shelf sensing technologies. These, by
possessing physical and mechanical properties very far from those of the monitored struc-
tures, pose questions concerning their effectiveness in reproducing the actual response of
the masonry, as well as concerning their durability against environmental actions. Lo-
gistical difficulties, such as limitations in the number of sensors deployable in the case of
aesthetic and architectural restrictions, are also frequent when dealing with the monitoring
of historic and monumental masonry constructions.

A very attractive solution to the listed issues is represented by the adoption of the concept
of smart material for replacing traditional sensing devices with smart sensors possessing
physical and mechanical properties similar to those of the structure being monitored. Ac-
cording to such an innovative concept, the sensing capabilities of these newly conceived
devices are typically obtained through the addition of electrically conductive nano- or
micro- fillers to the traditional construction materials during their production process so
as enhancing their intrinsic piezoresistivity. Smart sensors are therefore fully integrable
within the load-bearing structures allowing spatially distributed and long-term reliable
automated monitoring systems based on strain measurements without altering their struc-
tural response.

Along these lines, this Ph.D. thesis proposes the development of a new sensing technology
based on brick-like sensors, called "smart bricks", for seismic SHM of masonry construc-

tions. These novel sensors are characterized by an improved piezoresistivity, which allows
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them to provide traditional masonry constructions with smart monitoring capabilities en-
abling the self-assessment of their structural conditions over time. The main objectives
promoted by this work to address missing/incomplete aspects in the reference literature

are:.

e Development of a new sensing technology for seismic SHM of masonry constructions,
termed smart brick, determining the most suitable electrically conductive filler to be
used for boosting piezoresistive capabilities in clay-based materials, as well as the
most appropriate type of electrodes to be used for performing electrical measure-

ments;

e Propose and validate an electromechanical model suitable for describing the strain-
sensing behavior of the smart bricks. This should be usable for retrieving strain
measurements through the post-processing of the electrical outputs from these inno-

vative piezoresistive sensors;

e Provide a comprehensive characterization of the electrical, electromechanical, phys-
ical, and mechanical properties of the novel sensors according to the content of the

electrically conductive filler used for their production;

e Determine and compensate the influence of environmental effects, due to changes in

temperature and humidity, on the electrical response of the smart bricks;

e Development of damage detection and localization algorithms for real-time processing
of data outputted by smart bricks allowing the assessment of the structural integrity

of masonry constructions during their service conditions;

e Perform the experimental validation of the proposed damage detection and local-
ization methods through a campaign of experimental and numerical investigations
carried out on small- and full- scale masonry structures equipped with smart bricks

and tested until damaged.
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1.2 Outline

This work is organized in six chapters including conclusions. The main contents of each

chapter are summarized as follows:

e Chapter 1: Introduction
A general overview concerning background and motivations of the research. The

main objectives of the work are also introduced.

e Chapter 2: Structural health monitoring of masonry structures based on
strain measurements
A review on the state-of-the-art regarding SHM techniques commonly applied to
masonry constructions is addressed in this chapter, mainly focusing the attention
on traditional and new monitoring approaches based on the assessment of strain-

measurements.

e Chapter 3: Modeling approaches for masonry structures
This chapter is dedicated to a critical analysis of the modeling strategies adopted for
the definition of mechanical models for masonry that are available in the literature.
A detailed overview on the computational tools and Finite Element (FE) analyses

considered in this work is also presented.

e Chapter 4: A new sensing technology for SHM of masonry structures:
The smart brick
This chapter introduces the smart brick technology, illustrating the novelties pio-
neered by this work in the manufacturing process of the novel sensors and proposing
an innovative electromechanical model to describe their strain-sensing behavior. A
campaign of laboratory tests is presented to deeply investigate the electrical, elec-
tromechanical, physical, and mechanical properties of the new formulation of the
smart bricks. The influence of the environmental effects on the electrical outputs of

the novel sensors is also investigated.

e Chapter 5: Applications of the smart brick technology
Meaningful experimental applications of the smart brick technology are introduced
in this chapter to demonstrate that the novel sensors are effective for monitoring the
structural integrity of masonry constructions. In light of that, damage detection and
localization algorithms, based on the strain measurements from the smart bricks, are

proposed and validated by means of their practical application to the considered case

4
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studies. Numerical simulations are also carried out to interpret the outputs from the

novel sensors.

e Chapter 6: Conclusions

Further comments and remarks are reported in this closing chapter.



Chapter 2

Structural health monitoring of
masonry structures based on strain

measurements

2.1 Introduction

The European cultural and monumental building heritage is largely composed of masonry
constructions characterized by a great historical importance such as churches, towers, and
palaces. Even in the case of residential constructions, each masonry building can be consid-
ered unique since characterized by its own history including its initial design, the construc-
tion phases, and any modifications suffered during its service life. As a drawback, due to
the variability of the events that may have influenced the story of a masonry construction,
it generally appears difficult to define a simplified and schematic mathematical approach,
based on the knowledge about utilized materials and adopted building techniques, for
the evaluation of its structural response in service condition (De Fino and De Tommasi
2008). As an aggravating circumstance, it is worth noting that the largest part of the

ancient masonry constructions were conceived to resist only to gravity loads resulting in
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the development of fragile collapses, frequently facilitated by poor maintenance conditions
and material degradation, in the case of excessive tensile and shear forces acting during
earthquake ground motions. Therefore, the real-time assessment of the structural response
of masonry constructions plays a key role in the preventive conservation of the cultural
heritage and in maintaining safety operational conditions for human lives. To this aim,
continuous SHM systems represent a powerful tool for the observation of the structural
performance/integrity of masonry buildings during their service life, permitting the iden-
tification of developing damages or critical conditions in real-time and the optimization of
retrofitting and maintenance interventions based on up-to-date information.

With the main objective of framing the problem, this chapter deals with a literature re-
view on the state-of-the-art of both traditional and innovative SHM techniques commonly
applied to masonry constructions. The rest of the chapter is organized as follows. Section
2.2 reviews off-the-shelf sensing technologies with particular attention to SHM solutions
employing strain measurements. Section 2.3 deals with innovative monitoring techniques
based on the smart material concept, which was recently extended to the field of masonry
constructions after the promising results achieved in the monitoring of concrete structures.

Section 2.4 concludes the chapter with comments and remarks.

2.2 On the advantages of strain measurements for SHM of

masonry structures

Masonry constructions are particularly prone to brittle collapses and structural patholo-
gies commonly caused by excessive deformations, temperature- and load-induced stresses,
differential foundation settlements, and earthquake loading. Monitoring the health state
of a building during its service life can aid the preservation of its structural integrity over
the time and the detection/localization of developing damages, with obvious benefits for
establishing the existence of safety conditions for human lives immediately after a seismic
event or in terms of managing costs for restoration and maintenance, through the planning
of targeted interventions avoiding the reduction of the structural capacity (Lagomarsino
2006; De Lorenzis et al. 2007; Masciotta et al. 2017; Formisano et al. 2018). SHM is defined
as the automation of damage detection, localization, and prognosis of structural systems
and components (Sadoughi et al. 2018a). To date, SHM systems allow the continuous
evaluation of the structural behavior of masonry constructions through the assessment of
changes in static and dynamic response parameters properly selected (Saisi et al. 2018).

As a general overview, Table 2.1 reports meaningful examples of SHM systems adopted for
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the long-term monitoring of historical masonry structures.

Table 2.1: Meaningful examples of SHM systems adopted for the long-term monitoring of

historical masonry structures.

Structure No. Sensor Typology Literature reference
3 Piezoelectric accelerometer
Consoli Palace 2 LVDT Kita et al. (2019)
2 Thermocouple K-type
Pgilaézz tg?,:;;;fe 14 Capacitative accelerometer Pierdicca et al. (2016)
. 7 Resistive strain gauges
_ Peristyle of 9 VDT S Duvnjak et al. (2016)
Diocletian’s Palace
1 Temperature sensor
9 High precision triangulation laser
Chiesa Santa Maria crack measurement .
di Collemaggio 78 For((:e—balance accelerom)eter Alaggio et al- (2020)
5 Temperature/humidity sensor
12 Vibrating wire extensometer
15 Bi-axial tilt meter
15 Temperature sensor
Milan Cathedral 12 Hygrometer Gentile et al. (2019)
1 Weather station
13 Bi-axial seismometer
10 Mono-axial seismometer
3 LVDT
1 Potentiometer
Foz Coa’s Church 1 Clinometer Mesquita et al. (2018)
2 Temperature sensor
1 Humidity sensor
Seiri Tower 3 Piezoelectric accelerometer Venanzi et al. (2020)
2 Thermocouple K-type
Gabbia Tower 3 Plezoelectric accelerometer Ubertini et al. (2018)
1 Temperature sensor
. 3 Piezoelectric accelerometer .
San Pietro belfry 3 Temperature and humidity sensor Gentile et al. (2016)

A technique widely applied to this structural typology, in particular to slender structures

such as towers and belfries, to assess their global structural behavior by using a lim-

ited number of sensors, is the long-term vibration-based monitoring. In this approach,

dynamic parameters, such as the natural frequencies of vibration, are continuously moni-

tored, usually by using accelerometers, to detect changes in their values correlated to local
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modifications in the structural stiffness, typically caused by damage initiation and mate-
rial degradation (Ramos et al. 2010; Krstevska et al. 2010; Saisi et al. 2014). Nevertheless,
despite the great potential shown by such approaches for the global assessment of the
structural integrity, monitoring techniques based on dynamic parameters may fail when
damages are extremely localized or when their severity is such that the dynamic response
of the structure is not affected. In these cases, SHM techniques based on static parameters,
such as displacements, tilts, and strain measurements may be more effective allowing the
assessment of the evolution of cracks in localized portions of the structure by means of the
installation of linear variable differential transformers (LVDT)s, tiltmeters, and resistive
strain gauges (RSG)s (Vermeltfoort et al. 2007).

Many literary works demonstrated that the development of damages to the structures
induces anomalies in their stress/strain field that can be revealed by using suitable mon-
itoring approaches. Considering the lack of effective tools for carrying out a continuous
evaluation of the stress field in masonry constructions, SHM techniques based on strain
measurements represent a precious resource for gathering data to assess the integrity of the
structures during their service conditions (Dally and Sanford 1987; Berger and Dally 1988;
Yoshimura et al. 2004). Among the off-the-shelf strain-sensing technologies, RSGs appear
conceivably the maturest and widespread devices adopted for monitoring strain in several
research fields, including SHM of masonry constructions (Heise 1965; Kuang and Chen
1995; Martinez et al. 2008). As a general example of their operation, in Duvnjak et al.
(2016) strain gauges were employed in a continuous monitoring system for the real-time
assessment of a historical palace, demonstrating their usefulness for detecting the growth

of existing cracking patterns (Fig. 2.1).

(a) (b)
Figure 2.1: Example of using RSGs for monitoring masonry structures (Pictures by courtesy

of Duvnjak et al. (2016)): (a) Overview of a measuring point; (b) Detail of a measuring point.

It is worth noting, however, that more frequently RSGs are used for determining the me-

chanical properties of masonry and its components, as reported in Pereira and Lourengo
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(2016) and in Derakhshan et al. (2017). Other devices that reached their market maturity
during the last decade are the fiber optic (FO) strain sensors, which are capable of allowing
affordable instrumentation of large structures since these sensors are sensitive at each point
of their length, thus showing a great potential for on-site damage detection and localization
(Habel and Krebber 2011; Glisic et al. 2013). Promising applications of distributed FO
technology to masonry constructions can be found in the work proposed by Liehr et al.
(2009), which presented a FO sensor-integrated textile that can be used for strengthen-
ing purposes and strain monitoring device at the same time. Three-points bending tests
conducted on two-stone samples demonstrated as the proposed sensor-integrated textile
acted as sensor support by enabling direct strain transfer from the monitored structure to
the FO sensors, which were capable of detecting cracks of width of 1 mm that developed
during the tests. Similarly, in Valvona et al. (2017), FO sensors were embedded within
a reinforcement layer suitable for seismic retrofitting intervention on masonry buildings.
This advanced FO system was adopted for monitoring an old masonry pavilion vault under
environmental conditions, thus highlighting as the optic sensors can be effective even in re-
vealing small deformation in-service conditions. FO devices can be also directly integrated
in the mortar joints of existing masonry structural elements (Fig. 2.2), as experienced in
the work proposed by Verstrynge et al. (2018). Herein, FO strain sensors were employed
for damage detection and localization during the execution of cyclic three-point bending
tests performed on a full-scale masonry wall by increasing the intensity of the load applied
during the tests. As main result, the paper pointed out that the FO technology is well

suited for crack width quantification in masonry structural elements.

(@) (b)

Figure 2.2: Example of using FO sensors for monitoring masonry structures (Pictures by
courtesy of Verstrynge et al. (2018)): (a) A fiber optic embedded within a mortar layer; (b)
Detail of an anchor point of a fiber optic.
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2.3 Monitoring strain with innovative SHM techniques ex-

ploiting the smart material concept

The smart material concept, recently developed through advances in the fields of nanotech-
nologies and materials science, is based on the main idea that selected inclusions, typically
nano- or micro-fillers, organic molecules, polymeric and metallic particles, can be combined
with traditional construction material to obtain advanced multifunctional composites pos-
sessing accurately modulated properties and therefore capable of finding a broad spectrum
of employment in the modern engineering (Gandhi and Thompson 1992; Garcia-Macias
et al. 2018b; Chen and Akbarzadeh 2020).

Concerning the application of the smart materials to SHM of civil constructions, electri-
cally conductive fillers are usually employed to enhance the piezoresistive capability of the
traditional construction materials, such as the cement- or the clay-based ones, hence en-
abling the production of sensing composites with which, in principle, it is possible to build
entire buildings, structural elements/components, or sensors of small sizes to be integrated
in the load-bearing structure, capable of self-monitoring their strain state through the
assessment of measurable variations in their electrical properties (Han et al. 2011; Rana
et al. 2016; Birgin et al. 2020). Such a promising approach was initially adopted for the
monitoring of concrete structures by means of the production of sensing construction com-
posites obtained by doping matrices made of cement paste, mortar, or concrete with carbon
fillers, such as graphene (GNP), carbon nanofibers (CNF)s, carbon nanotubes (CNT)s, or
multiwalled carbon nanotubes (MWCNT)s. These are considered the most suitable elec-
trically conductive inclusions for enhancing the piezoresistive capabilities of cement-based
materials (Shah et al. 2009; Coppola et al. 2011; Azhari and Banthia 2012a; Magalhaes
et al. 2012; Galao et al. 2014; Yang et al. 2020). It is worth noting that the manufac-
turing of smart concrete composites, along with the electromechanical characterization of
their behavior under quasi-static and dynamic loads, and their on-site applications, cur-
rently represent an open research field of rising interest (Hilding et al. 2003; Anand and
Mahapatra 2009; Loh and Gonzalez 2015; D’Alessandro et al. 2016; Garcia-Macias et al.
2018a). An investigation of the feasibility of using MWCNT cement-based composites for
traffic monitoring is reported in Han et al. (2009). Herein, after conducting preliminary
experiments to investigate the strain-sensing capability of the smart sensors when strained
in compression, a road test was presented, demonstrating how such a typology of sensors
embedded within a concrete pavement can be useful for a wide range of applications, such

as traffic flow observation, weight-in-motion measurements, and vehicle speed detection.
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In Saafi (2009), wireless CNT-reinforced cementitious sensors were firstly produced and
characterized by carrying out axial compression tests, then inserted into concrete beams
subjected to monotonic and cyclic loading. The obtained experimental results proved that
the wireless response of those smart sensors well-revealed the initiation of cracks in the
tested concrete beams through a sudden increase in their measured electrical resistance,
hence pointing out their effectiveness for on-site early damage detection. The work pro-
posed by Downey et al. (2017a) reported an exhaustive study concerning non-reinforced
and reinforced cement paste structural elements made by doping cementitious matrices
with MWCNTs. In the paper, a resistor mesh model was developed with the aim of de-
tecting and locating damages that occurred to the smart structural elements by means of
the post-processing of their electrical outputs. Testing the produced doped elements under
uncontrolled and controlled damage states, the Authors demonstrated the effectiveness of
the smart structural elements in self-monitoring their strain states, allowing also the detec-
tion and localization of suffered damages by means of the use of the proposed resistor mesh
model to evaluate the permanent local changes that occurred in their electrical properties
due to the developing cracks. Smart structural components were tested also in the work
carried out by Ding et al. (2019), in which cementitious prismatic sensors, doped with a
composite filler made of CNT and nano carbon black, were employed for monitoring the
strain field in concrete columns under axial compression loads. In the paper, the response
of the proposed strain-sensing sensors was evaluated before and after their embedding
within the columns. The obtained results demonstrated that the proposed sensors were
able to reveal changes in strain within the monitored structural elements, highlighting their
effectiveness for the monitoring of prefabricated concrete components.

Considering the results achieved by applying the smart material concept to SHM of concrete
structures, nowadays, this innovative technology was extended to the clay-based construc-
tion materials to embed smart monitoring capabilities in traditional masonry constructions.
In Ubertini et al. (2017a), the Authors reported for the first time the development of fired
clay bricks called “smart bricks”, representing a novel class of durable smart sensors for
monitoring the strain field in masonry constructions, whose piezoresistive capabilities were
improved through the addition of MWCNTs to the fresh clay matrix, hence by slightly
modifying the production process of the conventional clay bricks. The work addressed
the optimization of the manufacturing process of such innovative smart bricks, dealing
with a study on the stability of different carbon fillers at high temperatures. Tests under
compression loads were also carried out on the proposed clay-based sensors, instrumented

with Kanthal wire electrodes, to investigate their strain-sensing capabilities. The obtained
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results pointed out that bricks doped with MWCNTs possessed an enhanced sensitivity to
the applied strain compared to that of plain bricks, therefore highlighting their possible
employment for SHM purposes. In Downey et al. (2017b), the Authors introduced a new
formulation of smart bricks produced by using titanium dioxide particles to dope the fresh
clay matrix. The work first illustrated the characterization of the strain-sensing behavior
of the novel sensors according to the amount of filler used for their production, then intro-
duced a first experimental application of the smart brick technology for monitoring strain
variations in a medium-scale wall specimen subjected to eccentric axial compression loads.
The obtained results demonstrated that smart bricks were capable of monitoring changes
in the strain field of the masonry wall, promoting their use also for cracks detection. A
theoretical investigation on the effectiveness of the smart bricks for the post-earthquake
assessment of masonry constructions was discussed in Garcia-Macias and Ubertini 2019.
The paper addressed the numerical simulation of two case studies, including a masonry
shear wall and a masonry building subjected to seismic loading, both instrumented en-
visioning a monitoring system involving smart bricks. In particular, the latter numerical
test emphasized the usefulness of spatial interpolation approaches for the reconstruction of
the maps of the relative variation in electrical resistance by means of the post-processing
of the electrical outputs from the novel sensors. Indeed, the assessment of anomalies in
the mapped trend of the electrical measurements from smart bricks permitted to reveal
damages developed to the mechanical model of the masonry building, putting in evidence
the theoretical potentiality of this new sensing technology for monitoring masonry con-
structions under earthquake loading. A further application of the smart material concept
to clay-based materials was recently introduced in Wang et al. (2020). In this case, the
Authors turned out conventional clay bricks into supercapacitors by using chemical vapors
that reacting with the red iron oxides contained in the internal macro-porous structure of
the bricks, formed an electrically conductive network of nanofibers. The paper reported a
comprehensive investigation of the electrical properties of this formulation of smart bricks,
describing in detail its innovative production process. Such a modified brick is therefore
able to store charge, with possible employment in the field of civil constructions as power

supply, sensing device, and more.

2.4 Closing remarks

This chapter presented an overview of the state-of-the-art of strain-based SHM techniques

commonly applied to masonry constructions. In particular, both traditional strategies, in

13



Chapter 2 SHM of masonry structures based on strain measurements

which off-the-shelf sensing technologies are employed, and innovative approaches, based on
the smart material concept, were framed. The advantages of using strain measurements
instead of dynamic parameters were also discussed.

RSGs and FO sensors are the maturest and reliable tools for monitoring the health state
of either new or existing masonry constructions, permitting the tracking of the changes in
their strain field induced by developing damages. In order to fulfill this task, the aforemen-
tioned sensors should be installed directly on the portion of the building affected by the
damage or deployed within dense sensor networks, otherwise, a reliable identification and
localization of the damages can be challenging (Glisic and Inaudi 2008; Glisic and Verma
2011; Bao and Chen 2012). In light of that, it is worth considering that historical masonry
constructions such as churches, towers, and palaces, are commonly subjected to strict aes-
thetic and architectural limitations that make difficult the installation of SHM systems
involving a large number of sensing devices, to the detriment of the completeness of the
information obtainable concerning their structural response. Even when the deployment
of large sensor networks is permitted, it should be taken into account that measurements
provided by RSGs and FO sensors only partially allow to appreciate the actual structural
response of the monitored structures, inasmuch as these devices are externally attached to
the outer surfaces of the constructions, hence less sensitive to the internal stress/strain re-
distributions induced by the development of damages, and possess physical and mechanical
properties that are very far from those of the conventional masonry, which is a heteroge-
neous material of high complexity especially in the case of ancient structures. Therefore, it
appears obvious that the listed drawbacks limit the large scale deployment of continuous
SHM systems to masonry constructions, despite their benefits are clear.

Considering this framework, the development of new sensing technologies capable of over-
coming the actual limiting factors shown by the off-the-shelf devices appears as an urgent
priority for promoting the implementation of monitoring systems to masonry constructions,
which clearly demand more practical and scalable sensing devices to be largely employed.
Innovative solutions were proposed in the literature to overcome the listed limiting aspects
(Rathod and Jain 2018; Yeo et al. 2020). Among all, this work focused the attention
on the concept of smart material since it represents a powerful resource for integrated
strain-based SHM systems, as also demonstrated by the experimental applications of the
nanomodified cement-based sensors previously introduced. On the other hand, the analysis
of the state-of-the-art also highlighted that the use of smart sensors for monitoring strain
in masonry constructions is feasible and promising, but is currently at a very early stage

of development.
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Along these lines, this work recognizes the use of the smart material concept in monitoring
applications as a rising and effective alternative to the traditional SHM techniques com-
monly applied to masonry constructions. Therefore, further developments in the smart
brick technology are proposed in the next chapters with the main objective of compre-
hensively designing and characterizing a reliable smart sensing device suitable for seismic
SHM of masonry constructions, also demounstrating its employment for meaningful tasks,
such as the reconstruction of the strain field in the monitored structures and the detection

and localization of damages with particular attention to the earthquake-induced ones.
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Computational modeling of masonry

structures

3.1 Introduction

Masonry is a composite material consisting of bricks and mortar layers arranged according
to a plus-minus engineered bond pattern. Its intrinsic heterogeneity, particularly marked in
the case of ancient constructions, results in complex mechanical behavior, with anisotropy
in both the linear and nonlinear range, which demands advanced mechanical models, often
discretized by means of the FE method, to be accurately replicated (Sacco et al. 2018).
During the last half-century, the scientific community leveraged consistently the computa-
tional analysis of masonry constructions by developing tools for predicting their structural
response. These are nowadays satisfactorily employed to investigate the mechanical be-
havior of new buildings, e.g., for the optimization of their design (Lopez-Almansa et al.
2010), as well as to interpret the in-service structural response of existing constructions
and for the assessment of their near-collapse behavior, thus aiding the determination of
their operational conditions, their safety, or the design of strengthening and retrofitting

interventions (Valente and Milani 2016). Mechanical models are also frequently adopted in
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synergy with seismic SHM systems seeking for anomalies in the response of the monitored
structures (Ivorra and Pallarés 2006; Clementi et al. 2017; Compén et al. 2017; Angjeliu
et al. 2020).

With the aim of providing a clear comprehension of the methodologies pursued in this
work to build, discretize, and analyze the mechanical models later introduced, this chapter
reports an overview on the modeling strategies commonly employed when dealing with
magonry, also presenting the computational tools adopted for analyzing masonry construc-
tions in the case studies proposed in Chapter 5. Accordingly, the rest of the chapter is
organized as follows. Section 3.2 proposes a literature review on the modeling strategies
for masonry, while Section 3.3 introduces the computational tools utilized in this work. In
particular, the constitutive model employed for the numerical simulation of the nonlinear
mechanical behavior of the masonry and its components is described in detail. Section 3.4

concludes the chapter with comments and remarks.

3.2 Modeling strategies for masonry

Modeling strategies for masonry are generally classified in micromodeling and macromod-
eling approaches based on the scale at which the masonry is analyzed. The choice of a
computational method rather than another largely depends on the masonry construction
typology, the specific masonry behavior, and the level of accuracy demanded in the nu-
merical outputs (Lourenco 1996; Addessi et al. 2014; D’Altri et al. 2019). Micromodeling
approaches allow the adoption of different constitutive laws for each component of the
masonry, i.e. bricks and mortar layers, as well as the detailed modeling of the brick-mortar
interaction, thus including the reproduction of slips and detachments between the compo-
nents. Generally, in a detailed micromodel, bricks units and mortar layers are discretized
by using continuum elements characterized by linear or nonlinear mechanical behavior,
while interface elements or contact interactions can be employed to simulate the bonding
between the masonry components (Fig. 3.1(b)).

The mechanical properties involved in the constitutive laws should be determined by testing
each masonry component. In Sacco and Toti (2010) a detailed micromodel was proposed
to reproduce the mechanical behavior of masonry arches under axial compression loads, for
which experimental results were available. In this case, bricks and mortar layers composing
the structural elements were modeled with a linear mechanical behavior, while interface
elements, characterized by an interface cohesive model combining damage and friction,

were adopted to numerically reproduce the brick-mortar interaction. The obtained results
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Figure 3.1: Illustration of the modeling strategies for masonry: (a) Sample of masonry;
(b) Detailed micromechanical model; (c¢) Continuous micromechanical model; (d) Discrete
micromechanical model; (e) Macromechanical model.

proved the effectiveness of the adopted modeling strategy and of the constitutive laws
proposed for modeling the brick-mortar interaction since a good agreement between the
obtained numerical and experimental outputs was found. As exemplified in Sacco and
Toti (2010), such micromodeling approaches are usually preferred in case of mechanical
models representing structural elements or portions of constructions, such as facades, pier
panels, vaults, and arches since they ensure a high level of accuracy, as well as the numer-
ical simulation of the main failure mechanism that can occur to the masonry components
and the brick-mortar interfaces, at the expense of high computational costs. In light of
that, detailed micromodeling approaches can be simplified by neglecting the modeling of
the brick-mortar interfaces (Fig. 3.1(c)). In Petracca et al. (2017) a continuous micro-
model, in which both brick units and mortar layers were modeled by using 2D plane-stress
continuum elements with nonlinear mechanical behavior, was proposed for the analysis
of masonry walls under shear stress states and benchmarked with other two micromodels
based on the use of brick-mortar interfaces. Experimental results were exploited for the
validation of the numerical simulations, proving that all the investigated modeling strate-
gies were equally capable of describing the behavior of the tested structural elements up to
their failure. Furthermore, the obtained results highlighted the reduction in computational

costs achieved with the use of the continuous micromodel at the expense of a lower accuracy
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reached in the estimation of the shear strength with respect to the other considered mod-
eling strategies. Alternatively, discrete micromodels represent a further simplification of
the strategies involving brick-mortar interfaces. According to this methodology, expanded
blocks are modeled by continuous elements characterized with a linear or nonlinear me-
chanical behavior, while mortar layers are lumped in joint nonlinear interfaces reproducing
the brick-mortar interaction (Fig. 3.1(d)). It is worth noting that the equivalent mechani-
cal properties of the expanded blocks are determined by considering the original masonry
assemblage, hence employing homogenization techniques that allow the computation of the
mechanical parameters of the equivalent masonry by taking into account the mechanical
properties of bricks and mortar layers (Cluni and Gusella 2004; Ridwan et al. 2017). An
interesting example concerning the adoption of a continuous micromodel for numerically
simulating the behavior of a masonry wall subjected to vertical and horizontal loads is re-
ported in Abdulla et al. (2017). Here, expanded blocks were characterized with a plasticity
model capable of reproducing the compressive nonlinear behavior of the masonry, hence
a contact interaction, able to take into account the cohesive behavior and the damage in
tension, was proposed to numerically reproduce the brick-mortar interfaces. A masonry
wall specimen was experimentally tested in both in-plane and out-of-plane conditions, then
the mechanical model was used to replicate the experiment. The obtained results proved
the effectiveness of the proposed continuous micromodel, whose numerical outputs were in
satisfactory agreement with the data experimentally acquired by testing the wall specimen
and used as benchmark for the validation of the proposed modeling strategy. Concerning
the numerical reproduction of large masonry constructions, such as towers and palaces,
the use of macromechanical models is widely recognized by researches and engineers as
the most suited modeling technique since, in this case, the use of a micromodel would
result in heavy computational costs due to the geometrical dimensions of the structure
being modeled and to its numerous building details. Macromechanical models smear out
bricks, mortar layers, and brick-mortar interactions in a continuum element that can be
characterized either with a linear or nonlinear mechanical behavior to numerically simu-
late the global structural response of the masonry instead of that of its single components.
This results in a compromise between accuracy and computational efficiency (Fig. 3.1(e)).
Typically, homogenization techniques are adopted to determine the equivalent mechanical
parameters of the continuum element. In some cases, the stress-strain relationships taken
into account for the structural analysis are directly derived by testing structural settings
of sufficiently large sizes under homogeneous states of stress. As a general rule, the accu-

racy of a macromodel is strongly related to the definition of its constitutive laws and its
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equivalent mechanical properties. Macromodels can be however employed also for the re-
production of masonry structural elements of small sizes, as demonstrated in Wu and Hao
(2006). In this paper, the Authors first derived the equivalent elastic properties, strength
envelope, and failure characteristics of the masonry material by considering a 3D masonry
basic cell, a selected homogenization technique, and FE analyses; then, the obtained ho-
mogenized 3D model was utilized to simulate the response of a masonry wall to airblast
loads. Numerical analyses were also carried out with a continuous micromodel. The com-
parison between these two different modeling strategies demonstrated that the macromodel
was able to reproduce the global behavior of the wall under blast loading achieving a more

than acceptable accuracy and with a convenient computational efficiency.

3.3 Computational tools and Finite Element Analysis

From a mechanical point of view, masonry is a very complex material. Its mechanical
response is strongly affected by the arrangement, in a certain pattern, of bricks and mortar,
which are characterized by a quasi-brittle behavior both in tension and compression. The
brick-mortar interfaces are known to represent planes of weakness due to the coupling of
different materials, and therefore are often the preferred path for the development of cracks
due to slips and detachments between the components. Globally, masonry possesses higher
values of strength in compression rather than in tension, nevertheless, all its mechanical
characteristics, such as the elastic modulus and the fracture energy, suffer from a marked
anisotropy. In this work, the Concrete Damaged Plasticity (CDP) model was adopted for
the reproduction of the nonlinear mechanical behavior of the masonry and its components
(Lubliner et al. 1989; Lee and Fenves 1998; Cincio and Wawrzynek 2005). The constitutive
model is available in Abaqus, a commercial FE analysis software (Hibbett et al. 1998) used
in this work for modeling and analyzing mechanical models and also for the visualization
of the results obtained from the numerical simulations.

The CDP model is a plastic-damage model, nowadays widely used for reproducing the
nonlinear behavior of the masonry in macromechanical modeling approaches (Valente and
Milani 2019b; Libecajtova 2020), which allows taking into account different yield strengths
in tension and compression, as well as the softening behavior in tension as opposed to
initial hardening followed by softening in compression. The constitutive model can be
also employed to simulate damages to the masonry, considering different degradation of
the elastic stiffness in tension and compression, and the stiffness recovery effects during

cyclic loading. It is worth noting that the CDP model assumes that the elastic stiffness
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degradation is isotropic, i.e. stiffness moduli corresponding to different directions decrease
proportionally and independently of the direction of loading. Owning such features, this
constitutive model is also suited for the simulation of the mechanical behavior of bricks and
mortar in more refined modeling approaches, such as the micromechanical ones (D’Altri
et al. 2018). Fig. 3.2(a) exemplifies the uniaxial response in tension and compression of

the material according to the CDP model.

o, A O. 4

o /S ) o A S :
° Response in G Response in
tension O, frommmeemeeess compression

& e
& pl £ el
(@)
O; 4 O 4
%o Response in Oc, T —
tension
fracture energy criterion )
E ( ¥ ) E Response in
0 0 compression
G (No damage)
f
Uy U &
(b)

Figure 3.2: Illustration of the uniaxial response in tension and compression of masonry
according to the Concrete Damaged Plasticity model: (a) Theoretical responses provided by
the constitutive model; (b) Responses adopted in this work.

Under tension, the stress-strain response is linear up to the failure stress, o4y, which cor-
responds to the crack initiation in the material. The propagation of cracks results in the
softening stress-strain response branch. Under compression, the stress-strain response is
linear up to the yield stress, o, then there is a hardening branch until reaching the ul-
timate stress, o, which is followed by a softening stress-strain response branch. The
unloading of a damaged material results in a response characterized by a reduced elas-

tic stiffness equal to (1 — dy)Ep or (1 — d.)Ep in tension and compression, respectively,
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where d; is the scalar damage variable in tension (DAMAGET), d. is that in compression
(DAMAGEC), and Ej is the elastic modulus of the undamaged material. The value of the
scalar damage parameters theoretically ranges from 0, indicating an undamaged material,
to 1, representing a fully damaged material. In practical applications, it is however set less
than 1 avoiding convergence issues during the FE analyses. According to the considered

constitutive model, oy and o, can be expressed as follows:
l
o = (1 — dt)E(](Gt — 6? ), (31)

Oc0 = (1 - dc)EO(ﬁc - Ezc)l)v (3'2)

where ¢; and €. are the total strain in tension and compression, while efl and eﬁl are the
equivalent plastic strain in tension and compression, respectively. In order to avoid mesh
sensitivity in the results from the FE simulations, i.e. for reducing the dependence of the
numerical solution from the discretization of the geometry of the problem, the fracture
energy criterion, proposed by Hillerborg et al. (1976), was considered in this work to
model the elastic stiffness degradation specifying cracking relative displacements (cracks
openings), uc, instead of cracking strains, ef*. Accordingly, the post-failure behavior
in tension of the material is specified by considering a linear isotropic degradation of its
elastic stiffness, adopting ux = 2G /oy for the computation of the cracking displacement
at which complete loss of strength takes place, uy (see Fig. 3.2(b)). In this relation, G,
represents the value of the fracture energy of the material. The "plastic" displacement in

tension, u} l, is automatically computed by Abaqus as follows:

ol ck di  oilp
Up =Up — T—d) B (3.3)
where [y is the characteristic length. This is based on the element geometry and for-
mulation, e.g., it is a typical length of a line across an element used to discretize the
geometry in case of first-order elements. Fig. 3.2(b)) also shows that a simplified response
in compression was considered in this work with respect to the standard formulation of the
constitutive model. In particular, the CDP model was set with a d. = 0, meaning that no
damage in compression is taken into account. Therefore, in this particular case, P = €,
being ¢&' the plastic strain and €™ the inelastic component (see Fig. 3.2(b)). It is worth
noting that this assumption was made since no damage in compression was detected to
the structures tested in Chapter 5. Generally, the reduction in the elastic stiffness due to

damages developed in the material under uniaxial tension and compression is expressed as
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follows:
E = (1-d)Ey, (3.4)

where d is a scalar degradation variable (SDEG) function of d; and d,:
(1 —=d) = (1—sdc)(1— scdy), (3.5)

It should be noted that s; and s. are dependent on the stress state and their use is
necessary to introduce the stiffness recovery effect in the CDP model. As default setting,
the constitutive model recovers the compressive stiffness upon a crack closure as the load
reverses from tensile to compressive state, while the tensile stiffness is not recovered as
the load changes from compressive to tensile state once the material is crushed. This is
the typical behavior of a quasi-brittle material under cyclic loading conditions, therefore it
well represents the mechanical behavior of the masonry, as well as that of its components.

The variables s; and s. are defined as follows:
st =1—wH(o11), (3.6)

Se =1—w.(1 —H(o11)), (3.7)

where w; and w, represent the weight factors that control the recovery of the tensile and
compressive stiffness, while H(o11) is the Heaviside function that is assumed equal to 1
if 011> 0 (tension) and equal to 0 of o11< 0 (compression). The default behavior of
the CDP model is obtained by setting w; = 0 and w. = 1, considering that 0 means no
stiffness recovery, while a value equal to 1 indicates the total stiffness recovery. In light of
that, and considering the settings adopted in this work to describe the damage in tension
and compression, the reduction in the elastic stiffness was computed through a simplified

relationship as reported as follows:
E = (1 — scdy) E, (3.8)

A Drucker-Prager strength criterion, modified by means of the parameter K, is used in
the CDP model. The parameter K. is the ratio between the second stress invariant on
the tensile meridian and the one on the compressive meridian. This is introduced in the
model to modify the shape of the yield function in the deviatoric plane. As specified in the
users guide Simulia (ABAQUS/Analysis User’s and Theory Manual), a K. < 1 ensures

a yield surface of a shape similar to a triangle with curved sides as much as K. moves
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away from the value of 1. This is necessary to obtain a yield surface approximating the
Mohr-Coulomb criterion in the deviatoric plane. The nonassociated flow law assumed in

the CDP model is expressed through the following relationship:

9G(7)
a5

&=\ (3.9)
where é” and & are the plastic strain rate vector and the stress vector, respectively. The
flow potential G used for this constitutive model is the Drucker-Prager hyperbolic function,

which can be expressed as:

G = /(eoyw tan))2 + ¢ — ptanip, (3.10)

where 1 is the dilatation angle measured in the p— g plane at high confining pressure, oy is
the uniaxial tensile stress at failure taken from the user-specified tension stiffening data, and
e is the eccentricity that defines the rate at which the function approaches the asymptote
(the flow potential tends to a straight line as the eccentricity tends to zero). It should be
noted that ¢ allows controlling the dilatancy behavior of the material. In particular, the
dilatancy increases as the value of ¢ increases, however, the use of relatively high values
of this angle may cause too optimistic results for stiffness and bearing capacity of the
material (“Calibration of the CDP model parameters in Abaqus”’). Constitutive models
describing the softening behavior and stiffness degradation of materials can be affected
by severe convergence issues when employed in implicit FE analysis. The introduction
of viscoplastic regularization of the constitutive equations is a widely adopted solution to
overcome such numerical problems in practical applications (Valente and Milani 2019a).
The CDP model can be therefore regularized by introducing a viscosity parameter, p, in
its formulation, thus aiding the convergence rate in the softening branch. Small values of
this viscosity parameter should be adopted to avoid compromising the outputs from the
FE simulations. If the viscosity parameter is greater than zero, the outputs of the plastic

strain and stiffness degradation refer to:

1
= (e, (3.11)
W
; 1
dy = ~(d - dy), (3.12)
W

where ¢ is the viscoplastic strain rate, ” is the plastic strain component, and dy is the

viscous stiffness degradation variable. The stress-strain relationship, in the case of the
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viscoplastic formulation of the CDP model, is expressed as follows:
o= (1—d,)Ey(e — ), (3.13)

Further information concerning the implementation of the CDP model in the mechanical
models developed in this work, such ad the value of the parameters of the constitutive laws
of the model and the mechanical properties of the materials, set case-by-case, are reported
in Chapter 5. The Abaqus implicit solver was adopted to run the FE simulations by using
12 cores of a 2.60 GHz dual Intel Xeon Gold 6126 node mounted on a Beowulf cluster.

3.4 Closing remarks

This chapter dealt with the computational modeling of masonry with the purpose of sup-
porting the mechanical models and FE analyses considered in this work.

A literature review on the existing modeling strategies for masonry constructions was
reported, mainly focusing the attention on the scale at which the masonry is analyzed.
Micromechanical approaches allow the representation of brick units and mortar layers sep-
arately, plus the definition of their interaction. These strategies are particularly effective
when the main aspect of the modeling is the investigation of the local distributions of
stresses/strains and damages. Their use is therefore recommended for the simulation of
the structural response of small size elements since their employment for the modeling
of large constructions would demand unsustainable computational costs. To address this
issue, simplified variants of the detailed micromodels can be considered, such as the con-
tinuous and discrete micromodels. Macromechanical approaches can be invoked in case
of large constructions, with the limiting aspect that only their global structural response,
along with the development of damages, can be investigated. These strategies neglect the
individual discretization of the components of the masonry by taking into account an equiv-
alent masonry material whose mechanical behavior is described through suited constitutive
laws and by using equivalent mechanical properties derived from the homogenization of
those of the single components. The reduction in computational costs is certainly marked.
It is worth noting that independently of the modeling strategies adopted, reliable and effec-
tive mechanical models can only be defined if a complete material description is available.
Overall, the choice of the most suitable modeling strategy should be weighted according
to the complexity of the construction under investigation, the outputs required, and the
data available.

Another relevant aspect to be taken into account in the computational modeling of masonry
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is its nonlinear mechanical behavior, which is characterized by a quasi-brittle response un-
der both tension and compression, even if for this latter, the ultimate strength is much
higher. This discrepancy is particularly marked in the case of ancient constructions. In this
work, the CDP model, implemented in the commercial software for FE analysis, Abaqus,
is considered to represent the structural response of the masonry and its components in
tension and compression and for the simulation of the damages suffered in tension by con-
sidering an isotropic linear degradation of their elastic stiffness. A further key feature of
the CDP model, which can be particularly useful when dealing with the investigation of
masonry construction subjected to seismic loading and which therefore was exploited in
this work, is represented by the possibility to simulate the closure of cracks under cyclic
loading conditions by means of the recovery in the elastic stiffness when the load changes
from tension to compression states. The CDP model was fully described in this chapter

including these characteristics.
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Chapter 4

A new sensing technology for SHM of

masonry structures: The smart brick

4.1 Introduction

Continuous SHM systems allow the assessment of the structural performances/integrity of
masonry constructions by means of the tracking of a broad range of engineered features,
such as modal parameters, tilts, and displacements, in a real-time approach. Nevertheless,
the development of cracking patterns in masonry structural elements leads to the onset
of anomalies in their strain field that make particularly effective SHM techniques based
on strain measurements for damage detection and localization. Despite their reliability in
measuring strain, off-the-shelf sensing technologies are affected by practical drawbacks, in
particular by scalability and deployment issues, which nowadays are limiting the large scale
implementation of such traditional sensing devices for SHM of masonry constructions.

From that perspective and considering the literature review presented in Chapter 2, this
chapter introduces novelties concerning the development of the smart brick technology, an
innovative SHM solution recently proposed for monitoring strain in masonry structures

allowing the overcoming of the main limiting aspects experienced by using traditional
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sensing devices since it is based on the employment of piezoresistive brick-like sensors, called
"smart bricks", fully integrable within the load-bearing structures. The organization of the
rest of the chapter is hereinafter reported. Section 4.2 illustrates in detail the smart brick
technology describing the novelties introduced by this work in the production process of the
novel sensors, the methodology utilized for conducting electrical measurements, and their
strain-sensing principle based on an innovative electromechanical model herein proposed.
Section 4.3 presents the methodologies adopted for testing the electrical, electromechanical,
physical, and mechanical properties of the smart bricks. Methods for conducting a study
on the influence of the environmental effects on the electrical outputs of the novel sensors
are also outlined. Section 4.4 collects results achieved in the performed investigations,

while Section 4.5 closes this chapter reporting final comments and remarks.

4.2 The smart brick technology

Smart bricks are a new sensing technology for seismic SHM of masonry structures based on
strain measurements, consisting of piezoresistive brick-like sensors that can be embedded
within the load-bearing structure to monitor permanent changes in the strain field. Based
on their piezoresistive behavior, enhanced through the addition of suitable nano- or micro-
fillers to fresh clay matrices during the production process of the conventional clay bricks,
an increase in the compression load applied on a smart brick leads to an increment in its
compressive strain state and a measurable reduction in its electrical resistance, with respect
to the initial condition, resulting in the strain-sensing capabilities of the novel sensor, as
exemplified in Fig. 4.1(a). Smart bricks can be therefore placed at specific locations of a
masonry construction, even in portions of its load-bearing structure not inspectable after
the completion of the building phase, to monitor the strain gradient induced by damages
due to earthquake loading. In particular, according to their deployment in the structure
being monitored, smart bricks can reveal the initiation of global collapse mechanisms, as
well as the occurrence of local failures like overturnings and mechanisms based on the arch
effect, since all of these results in redistributions in dead loads which the novel sensors can
detect as changes in their electrical outputs (4.1(b)). It should be noted that, following
this sensing principle, smart bricks can also aid the detection and localization of damages
due to a broader range of structural pathologies that typically affect masonry buildings
during their service life, such as damages due to excessive stresses/strains, or that induced

by differential foundation settlements.
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Fig. 4.1: Simplified illustration of the smart brick technology: (a) Exemplification of the
strain-sensing behavior of a smart brick (R is the electrical resistance of the smart brick);
(b) Exemplification of the use of the smart bricks for monitoring a masonry building with
highlighted the changes in the electrical resistance of a sensor due to the redistribution of the
internal load paths induced by the development of damages to the structure.

4.2.1 Production process

The production process of the conventional clay bricks consists of four main phases where
the clay is first mined, then molded, dried, and finally fired. The burning phase, during
which a temperature between 900 and 1200°C is commonly reached, can be considered the
most important part of the entire process, where clay loses plastic properties by developing
mechanical strength. Although the literature review proposed in Section 2.3 indicates the
carbon-based fillers as the best electrically conductive inclusions to enhance the piezore-
sistive capabilities in cement-based composites, it should be taken into account that such
particles possess a low heat resistance, hence they may be not so suited for the production
of smart bricks and the improvements of their sensing capabilities, contrary to the expec-
tations. To deepen this aspect, a thermogravimetric analysis (TGA) was carried out by
subjecting to thermal cycles up to 900°C small amounts of carbon-based fillers commonly
used for the production of cement-based composites, such as CNFs, MWCNTs, and GNP,
to assess their heat resistance by comparing their weights before and after the heating.
An analytical balance, model Sartorius, with reading accuracy of 0.01 mg, was employed

for the weighing. Fig. 4.2 reports the residual weight percentages computed for each
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carbon-based filler, by showing that all tested inclusions were characterized by a marked
weakness with respect to the investigated high temperature. Therefore, even by consider-
ing that when carbon-based fillers are embedded within the clay matrices their resistance
to elevated temperature might increase, it can be challenging to accurately determine the
amounts of filler still present inside the bricks after firing. The obtained results definitely
proved that carbon-based fillers are not the most suitable inclusions for the production of

smart bricks.

Fig. 4.2: Residual weight percentages computed for the investigated carbon-based fillers after
heating to 900°C.

In light of that, while seeking for improvements in the formulation of the smart bricks, this
work proposes, as a novelty, the use of stainless steel microfibers as electrically conductive
filler for the production of the novel sensors. In particular, steel fibers, model R.STAT/s,
with a diameter of 12 pm, length of 5 mm, made with a special alloy, AISI 316L (Fe
68%, Cr18%, Ni 12%, and Mo 2%), were employed. These are characterized by a low
electrical resistivity, of the order of 60-80 Q/cm, as well as by high resistance to the
elevated temperature, even over 1000°C, as demonstrated by carrying out a TGA, whose
results are reported in Fig. 4.3. A small amount of steel fibers were subjected to thermal
cycles performed by increasing the temperature up to 900°C (Fig. 4.3(a)). The weight of
the fibers and their electrical resistance were measured before and after each thermal cycle,
by using an analytical balance, model Sartorius, and a high-speed digital multimeter, model
NI PXI-4071, respectively. The obtained results show that the investigated physical and
electrical properties of the steel fibers were unaffected by the heating, thus demonstrating
that the considered metallic filler can be used to produce the novel sensors (Fig. 4.3(b,
c)). Fig. 4.4 shows Scanning Electron Microscope (SEM) micrographs of the steel fibers
for the inspection of their morphology and dispersion within the clay matrices.

The production process of the smart bricks employed in this work is illustrated in Fig. 4.5.
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Fig. 4.3: Results from TGA carried out on a sample of stainless steel microfibers: (a)
Adopted experimental setup; (b) Residual weight of the sample of fibers at the investigated
temperatures; (c¢) Electrical resistance of the sample of fibers at the investigated temperatures.

Firstly, fresh clay, mined from a quarry located in Central Ttaly (cfr. Acknowledgements),
was mechanically mixed with the desired amount of steel fibers, defined as a fraction of the
weight of the prepared fresh clay (Fig. 4.5(a)). Such a procedure permitted to obtain the
composite material shown in Fig. 4.5(b). Secondly, brick samples were formed by pouring
doped clay in wet wooden molds sprinkled with sand, thus obtaining samples of prismatic
shape of 70x50x50 mm?. At this step of the production, some wet bricks were instrumented
with four Kanthal wire electrodes, of diameter of 2.2 mm, embedded symmetrically within
the top horizontal side of the bricks, to perform electrical measurements as described in
Ubertini et al. (2017a) (Fig. 4.5(c1)), while the others were simply prepared for the next
step (Fig. 4.5(c2)) since the electrodes were mounted only after the burning phase. Wet
bricks were first dried in an oven at a temperature of 90°C for six hours and then fired at
900°C for additional six hours (Fig. 4.5(d)). After the burning phase, bricks previously
instrumented with the embedded wire electrodes were ready-to-use (Fig. 4.5(el)). Non-
instrumented samples were instead equipped with two external copper plate electrodes, of
thickness of 50 pm, placed on their opposite horizontal sides with a dry contact, whose
employment represents a further novelty proposed by this work (Fig. 4.5(e2)). Sensors with
external electrodes were further covered with an insulating polymeric tape to avoid current
flow propagation when smart bricks are embedded within masonry structural elements. It
is worth noting that some un-instrumented burned bricks were equipped with conductive
resin stripe electrodes to measure their internal electrical conductivity with a negligible
contact resistance, a procedure that otherwise would not be possible by means of the use

of either inner wire or external plate electrodes (Fig. 4.5(e3)). In this case, conductive
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Fig. 4.4: SEM micrographs of the stainless steel microfibers: (a) Inspection of the morphology
of the metallic filler; (b) Inspection of the dispersion of the metallic filler within a clay matrix.

resin stripes were produced by mixing graphite powder with a two-component clear epoxy
commercial adhesive, named Araldite 2020, in the percentage of 75% in weight of the
utilized adhesive and were made by directly spreading the conductive mixture on the middle
of the vertical sides of each sample, hence forming conductive electrodes of thickness of
1 mm and width of 10 mm (Cacciotti et al. 2018). At this early stage of development,
conductive resin stripe electrodes were only used to conduct electrical measurements in
laboratory conditions since their employment for strain-sensing purposes requires further
investigations and raises some concerns about the long-term durability of their bonding
with bricks.
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Fig. 4.5: Production process of smart bricks doped with stainless steel microfibers.

4.2.2 Electrical measurements

Experiments proposed in this work were conducted by performing electrical measurements
by means of a biphasic Direct Current (DC) measurement approach developed, in the work
proposed by Downey et al. (2017¢), to reduce the polarization effect that commonly affects
dielectric materials, such as the cement- or clay-based ones, by producing a time-based drift
in their electrical outputs under the application of constant electrical inputs (Chung 2002;
Hou and Lynch 2005). AC measurement approaches can be also used to eliminate the drift
due to the polarization by charging and discharging the dielectric material, nevertheless, the
electrical characteristics determined through the use of these techniques are still affected
by a drift in time with respect to the provided electrical input (Wen and Chung 2002;
Azhari and Banthia 2012b). Assuming that the time drift induced by the polarization
effect is an intrinsic property of dielectric materials due to the application of a constant
voltage to perform electrical measurements and that it is fully dependent on the direction of
the generated current flow, the biphasic DC measurement approach reverses the direction
of the current flow within the material to eliminate the polarization effect by applying a

voltage square wave composed by a positive constant part, used to acquire current/voltage
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measurements and a negative constant part, used for material depolarization by reversing
the direction of the current flow. In particular, current/voltage measurements are taken
when the acquired current/voltage signal is stable, approximately at the 80% of its positive
constant part, to avoid drifts in the outputs with respect to the provided voltage input.

Electrical measurements on smart bricks were carried out by using an in-house developed
software called "SHM-Smartbricks" (see Fig. 4.6). Based on Python environment (Rossum
1995), the software is a collection of tools able to handle both the data acquisition from the
novel sensors, by exploiting National Instruments (NI) drivers, and the processing of the
acquired data in real-time. In particular, data acquisition can be carried out by considering

the approaches described below.

@ (b)

(©

Figure 4.6: Screenshots from the software "SHM-Smartbricks" for acquisition and real-
time processing of the data from smart bricks: (a) The tool dedicated to the single-channel
acquisition of electrical measurements; (b) The tool dedicated to the multi-channel acquisition
of electrical measurements; (c) Example of a tool for real-time processing of the data from
smart bricks. In this case, the software reconstructs and displays the strain field map of a
monitored building.
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4.2.2.1 Single-channel acquisition

The single-channel acquisition approach allows performing electrical measurements on one
smart brick at a time. According to the electrical setup shown in Fig. 4.7(a), a RIGOL
DG1022 function generator was used to supply a voltage square wave of £10 V (20 V peak-
to-peak) with a duty cycle of 50% and a frequency of 1 Hz to the considered smart brick.
The data acquisition system was composed of a chassis, model NI PXIe-1073, equipped
with a digital multimeter NI PXI-4071 set at a sampling frequency of 10 Hz. Current
measurements acquired from the novel sensor were post-processed to compute the total

electrical resistance of the brick, R, according to Ohm’s law:

i |4
= I(t) ‘t:t~7

R(Y)), (4.1)
where V' is the applied constant voltage in the positive part of the square wave, equal
to +10 V, I is the measured current intensity value, and f is the specific time instant
when each current sample is taken. The total electrical resistance was resampled at 1 Hz
according to the sample rate of the voltage square wave input.

Fig. 4.7(b) reports an example of application of the single-channel approach for conducting
electrical measurements. A smart brick was subjected to a prestressing load of 1 kN by
using a hand-operated hydraulic press. Every five seconds, approximately, the load acting
on the sensor was reduced at about 0.3 kN. Load variations can be clearly detected by
observing the time history of the total electrical resistance of the tested smart brick since
each reduction in the applied load resulted in an increase in the value of the electrical
output of the brick.

4.2.2.2 Multi-channel acquisition

The multi-channel acquisition approach allows performing electrical measurements on mul-
tiple smart bricks at a time. According to the electrical setup shown in Fig. 4.8(a), a
RIGOL DG1022 function generator was used to supply a voltage square wave of £10 V
(20 V peak-to-peak) with a duty cycle of 50% and a frequency of 1 Hz to an MPX switcher,
model Selit MD3060, capable of replicating the voltage input to multiple smart bricks. In
order to determine the value of the current flowing within each channel, a known resistor,
Rintine, was arranged in series with each novel sensor, and the correspondent voltage drop,
Varop, Was measured through an analog input module, model NI PXIe-4303, mounted on

a chassis, model NI PXIe-1073. The current, I, flowing in the i-th channel was computed
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Figure 4.7: Electrical measurements on smart bricks: (a) Illustrative scheme of the setup
for single-channel acquisition; (b) Time history of the total electrical resistance obtained from
a smart brick tested under compression loads. The single-channel acquisition approach was
adopted to acquire data from the novel sensor.

as follows:

Vit e
I(t)ly = Dt (42
in-line,i

where { is the specific time instant when each voltage sample is taken. Therefore, the total
electrical resistance of the smart brick correspondent to the i-th channel was determined

through the following relationship:

V' —V(t)drop,ili—7
R(t)|,—; = TOR OIj t=t
ilt={

where V' is the applied constant voltage in the positive part of the square wave, equal to

(4.3)

+10 V. The total electrical resistance was resampled at 1 Hz according to the sample rate
of the voltage square wave input.

Fig. 4.8(b) reports an example of application of the multi-channel approach for conduct-
ing electrical measurements. Two smart bricks, placed in column, were subjected to a
prestressing load of 1 kN by using a hand-operated hydraulic press. Every five seconds,
approximately, the load acting on the sensors was reduced at about 0.3 kN. Load variations
can be clearly detected by observing the time histories of the total electrical resistance of
the tested smart bricks since each reduction in the applied load resulted in an increase in

the value of the electrical output of each brick.

36



Chapter 4 A new sensing technology for SHM of masonry structures: The smart brick

Function generator V

@ +~ch 1 Smart brick 2.4B+07 ]
el _ 2.0E+07
Resistor Ry,.jine c 1 : : 1 ‘ : ;
8 1.6E+07 - SRR e e ooeeeoes
@ Voltage = | 5 ! 1 1 s 3
measurement B {2407 | 1 L W S | H—
Y Varon 8 N
- 8.0E+06 - foocdocenens t—
| 4 0E+06 . | Prlestl"iess]ng lioa(j of:ll.OII<N | —
' AW\
h 0 4 8 12 16 20 24
enn kj Time [s]
@ (b)

Figure 4.8: Electrical measurements on smart bricks: (a) Illustrative scheme of the setup for
multi-channel acquisition; (b) Time histories of the total electrical resistance obtained from
the two smart bricks tested under compression loads. The multi-channel acquisition approach
was adopted to acquire data from the novel sensors.

4.2.3 Strain-sensing principle: Introduction of the series resistors model

Smart bricks made with stainless steel microfibers are durable clay bricks with an improved
piezoresistive capability, whereby an increase in their compressive strain state leads to a
reduction in their internal electrical resistance. Such an electromechanical behavior can be
therefore exploited for strain monitoring purposes. Until today, variations in the internal
electrical resistance of smart bricks and changes in their strain conditions were correlated
through a linear relationship retrieved from the electromechanical model of the traditional
RSGs (Ubertini et al. 2017a; Downey et al. 2017b):
AR;  Ri.— Rip

_ 4, - 4.4
Rio Rio © (4.4)

where AR; is the change in the internal electrical resistance of the smart brick, R; . and R;
are the strained and unstrained internal electrical resistance of the smart brick, respectively,
€ is the applied uniaxial strain, assumed positive in compression and A is the gauge factor.

This represents the amplification of strain by the electrical measurement, defined as:

Ap
A=1+2v+ -2, (4.5)
€

where v is the Poisson’s coefficient of the smart bricks and Ap represents the relative change
in resistivity under strained conditions, being p the electrical resistivity of the bricks. More

in detail, the first term of Eq. (4.5), 142v, represents the change in the electrical resistance
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of the bricks due to the change in their geometry, while the second one, % /€, characterizes
the piezoresistive contribute of the gauge factor. It is worth noting that, in the case of smart
bricks, the value of the second term can be varied depending on the amount of stainless steel
microfibers present inside the clay matrices. On the other hand, in the case of traditional
RSGs, this component can be considered small and stable, being their sensing principle
largely due to the contribution of the first term of Eq. (4.5). According to the percolation
theory, gradually increasing the content of conductive filler within an insulating matrix, a
critical amount of filler, termed percolation threshold, can be reached. In its surrounding
or above, the electrical conductivity of the composite material is significantly enhanced due
to the formation of continuous conductive networks within the doped matrix. Below the
percolation threshold, in the transition zone where the composite becomes a conductor,
conductive paths of filler are weak, hence the electrical conductivity is slightly improved,
whereas the strain-sensing capabilities of the doped material are greatly enhanced and
the gauge factor reaches is maximum value (Cochrane et al. 2007; Ponnamma et al. 2018;
Laflamme et al. 2018). Therefore, exploiting the percolation theory, the gauge factor of
the smart bricks can be adjusted to match the best strain-sensing capabilities, unlike that
of RSGs, whose fixed value is usually around 2. It should be noted that Eq. (4.4) can be
written in a more practical form, suited for experimental applications, by pointing out the

strained internal electrical resistance of the bricks, R; .:

Rie = —ARj o€ + Ry, (4.6)

It is also interesting to note that the piezoresistivity is not the only contribution that
should be taken into account for describing the strain-sensing behavior of the smart bricks
when these are equipped with external copper plate electrodes. Indeed, the presence of a
dry contact between the surfaces of the smart bricks and those of the electrodes results
in a contact resistance, R, that introduces a non-linearity, dependent on the compression
stress, o, acting on the sensor, between the changes in strain of the novel sensor and
the variations in its electrical resistance. Therefore, the contribution due to the contact
resistance at the sensing is considerable when smart bricks are subjected to a relatively
low compression state, whereas it tends to negligible values by increasing o. According to
the literature, the contact resistance and can be expressed through the following simplified
equation (Zhang et al. 2019):

Re = a0+ Re o, (4.7)

)
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where a and b are positive constants, while R o, represents the value of the contact resis-
tance for infinitely large stress.

In light of that, this work proposes an innovative electromechanical model, called series re-
sistors model, to describe the strain-sensing behavior of the smart bricks by linearly linking
Eq. (4.6) and Eq. (4.7), hence taking into account the piezoresistive effect and the sensing
at the contact electrodes simultaneously (Fig. 4.9). In particular, assuming a linear elastic
mechanical behavior of the smart bricks, whereby o can be replaced with Fe, being F the
Young Modulus of the bricks, the total electrical resistance of the novel sensors, R, is now

correlated to the applied strain, €, as follows:

R=Ri.+ R.=a(Ee)™® — ARjge + Ri + Re.oo, (4.8)

It should be noted that the value of €, reported in Eq. (4.8), is always greater than zero,
since either when tested in laboratory conditions under compression loads or embedded
within masonry structural elements, smart bricks are strained by prestressing or dead loads,
respectively. The relative change in total electrical resistance, AR/R; o, under applied
strain, is:

R—Rio AR aBb _ R

b
= = - = 4.9
Rio Rio Rio ‘ < Rip’ (4.9)

In a more convenient way for experimental applications, the series resistors model, formerly

expressed through Eq. (4.9), can be rewritten as:

AR
Rip

e — e+, (4.10)

where a’ represents the relative sensing at the contact resistance and ¢ is the relative series
materials resistance. This last term is only retained for completeness since in practical ap-
plications it assumes negligible values, considering that R; o>>R. . The herein proposed
innovative electromechanical model is therefore capable of taking into account an extra
sensitivity at the electrodes that can support the detection of changes in the strained state
of smart bricks when dealing with small loads, such as prestressing or dead ones. Con-
versely, according to Eq. (4.10), at relatively high compressive states, the strain-sensing
behavior of the smart bricks is totally dependent on the contribution of the piezoresistivity,

i.e. on the gauge factor A, since the contact resistance tends to vanish.
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Figure 4.9: Tllustrative scheme of the series resistors model describing the strain-sensing
behavior of the smart bricks.

4.3 Characterization of the smart bricks: Methodology

This section illustrates the methodologies of the experiments performed to achieve a com-
prehensive characterization of smart bricks made with stainless steel microfibers. In par-
ticular, their electrical, electromechanical, physical and mechanical properties are inves-
tigated. The influence of the environmental effects, due to changes in temperature and

humidity, on the electrical outputs of the novel sensors is also studied.

4.3.1 Electrical tests

The methodology pursued for the assessment of the percolative behavior of smart bricks
is herein illustrated. Tests proving the benefits experienced in the use of external copper

plate electrodes for conducting electrical measurements are also described.

4.3.1.1 Percolative behavior

Smart bricks are made of a composite dielectric material that possesses a percolative be-
havior herein investigated through the assessment of the internal electrical conductivity

of the novel sensors as the content of stainless steel microfibers used for their production
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varies. It is worth noting that, according to the percolation theory, the definition of the
percolation curve of the smart bricks is of the utmost importance for the enhancement
of their piezoresistivity and therefore for the optimization of their production process. In
order to investigate a percolation curve of a broad range, smart bricks with a content of
steel fibers equal to 0.00%, 0.25%, 0.50%, 1.00%, 1.50%, 3.00%, and 5.00%, were produced
and instrumented with conductive resin stripe electrodes, as described in Section 4.2.1. It
is worth remarking that the use of such an electrode typology allows performing measure-
ments of the internal electrical conductivity of the novel sensors with negligible contact
resistance.

Electrical measurements were performed by following the methodology described in Sec-
tion 4.2.2.1, hence the internal electrical conductivity of the bricks, 1/p, was computed

according to the following equation:

.
p o AV/IO)=i

where [ is the gap between the conductive resin stripe electrodes, A is the cross-section of

(4.11)

the smart brick, V is the applied constant voltage in the positive part of the square wave
(+10 V), I is the current intensity value measured at a fixed time £, in this case, equal to
144 s.

4.3.1.2 Use of the external copper plate electrodes

The use of the external copper plate electrodes instead of the embedded stainless steel wires,
initially proposed for instrumenting smart bricks by Downey et al. (2017b), was investigated
by performing electrical tests on two series of sensors made by following the manufacturing
process described in Section 4.2.1. In particular, contents of steel fibers (equal to 0.00%,
0.25%, 0.50%, 1.00%, 1.5%, 2.0%, as explained later in Section 4.4.1.1) comprised within
the percolation thresholds identified by studying the electrical behavior of the novel sensors
according to the Section 4.3.1.1, were taken into account for this study. A series of sensors
was therefore equipped with embedded wire electrodes, while the other was instrumented
with copper plates electrodes. Each smart brick was subjected to a prestressing load of 0.5
kN by using a hand-operated hydraulic press. Electrical measurements were carried out as
reported in Section 4.2.2.1, hence the percentage variation in the total electrical resistance

of the investigated formulations of smart bricks was assessed.
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4.3.2 Electromechanical tests

Two types of experiments are exemplified in this section: First, axial compression tests
are carried out on single smart bricks to validate the series resistors model and to carry
out the characterization of the strain-sensing behavior of the novel sensors as the content
of stainless steel microfibers used for their production varies. Second, further compression
tests are performed to investigate the effectiveness of the smart bricks in measuring strain
under increasing compression loads by benchmarking their outputs against those provided

by RSGs mounted on each tested sample.

4.3.2.1 Validation of the series resistors model by testing single smart bricks

Smart bricks instrumented with external copper plate electrodes were subjected to axial
compression tests to validate the use of the series resistors model, previously proposed in
Section 4.2.3, for retrieving strain measurements by means of the post-processing of the
electrical outputs from the novel sensors. In particular, taking into account the results
obtained from the assessment of the percolation curve of the smart bricks according to the
methodology reported in Section 4.3.1.1, this study involved sensors produced with contents
of steel fibers comprised within the first percolation threshold (i.e. 0.25% and 0.50% as
described later in Section 4.4.1.1) by following the manufacturing process in Section 4.2.1.
Plain samples were also tested as benchmark. Electromechanical tests were carried out
with the experimental setup shown in Fig. 4.10(a), by applying the load history, reported
in Fig. 4.10(b), on each sample through an electric-servo test machine, model Advantest
50-C7600 by Controls, mounting a servo-hydraulic control unit, model 50-C 9842.

The electrical measurements were conducted by following the approach illustrated in Sec-
tion 4.2.2.1, while three LVDTs were employed to acquire displacements from which the
strain applied to each sensor were retrieved through simple data post-processing. The
theoretical model proposed for describing the strain-sensing behavior of the smart bricks
was validated by carrying out a fitting procedure of the parameters in Eq. (4.10) on the
experimental data collected by performing the experiments. Therefore, the strain-sensing
behavior of each investigated formulation of smart bricks was evaluated by assessing the
quality of such fitting and the entity of the obtained parameters, whose estimation proce-
dure consisted of two-step. Initially, data of the total electrical resistance of smart bricks
versus the applied strain acquired above 1.5 MPa, i.e. at relatively high compressive states
where contact resistance is negligible, were fitted by performing linear regressions (Fig.

4.11(a)). Herein, the strain-sensing capability of the novel sensors was characterized by
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Figure 4.10: Electromechanical tests carried out on smart bricks for the validation of the
series resistors model: (a) Laboratory setup of an axial compression test on a smart brick; (b)
Load history applied on each sample.

assessing the slope coefficient of the interpolating linear function, which in this case rep-
resented the gauge factor, ), and the coefficient of determination, R?, which pointed out
the linearity of the response of the sensors. Performed linear regression analysis also per-
mitted the estimation of Rjo + R oo, that is the intercept of the linear trend when the
smart brick is unstrained. Since the experience shows that R;o>>R. «, this fitting also
allowed determining the unstrained internal electrical resistance of smart bricks, Rig. A
second step consisted of a curve-fitting procedure performed on data of the relative change
in the total electrical resistance of smart bricks versus the applied strain collected in the
entire investigated compressive range (Fig. 4.11(b)). The relative sensing at the contact
resistance, a’ and the relative series materials resistance, ¢’, were therefore estimated. It is
worth noting that both @’ and ¢’ were imposed to be positive in the curve-fitting procedure,
while the parameter b was considered constant and equal to 3 for each investigated formu-
lation of smart bricks, owing to a separate check. Completing the calibration procedure,
the strain-sensing behavior of each tested smart bricks was fully characterized, permitting
the definition of three equations corresponding to the investigated contents of steel fibers,
whose parameters were obtained by computing the average value of the terms contained
in Eq. (4.10) for each formulation of smart bricks. The coefficient of determination of
the curve-fitting procedure, R?, was adopted to evaluate the effectiveness of the series re-
sistors model in replicating the trends of the experimental data. Fitting procedures and
data post-processing were carried out in Python environment by adopting the SciPy and
NumPy packages (Jones et al. 2001; Oliphant 2006).
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Figure 4.11: Exemplification of the calibration procedure of the series resistors model per-
formed in two steps: (a) Step one, post-processing of data acquired above 1.5 MPa by means
of the linear regression analysis; (b) Step two, curve-fitting procedure carried out on data
acquired within the entire investigated compressive range.

4.3.2.2 Effectiveness of smart bricks in strain measurements

The effectiveness of smart bricks in measuring strain under increasing compression loads
was studied by carrying out electromechanical tests on samples instrumented with RSGs
so as comparing the outputs from the novel sensors with those from a well-known strain-
sensing device. A content of filler equal to 0.50% was chosen for manufacturing smart
bricks for this investigation by following the production process reported in Section 4.2.1.
The tested samples were therefore equipped with external copper plate electrodes and fur-
ther instrumented with two RSGs, model Kyowa KFG-20-120-C1-11L1M2R, characterized
by a gauge factor equal to 2.11 and bonded onto the front and rear surfaces of each brick,
respectively. Axial compression tests were performed by following the methodology previ-
ously reported in Section 4.3.2.1, by using the laboratory setup depicted in Fig. 4.12(a)
and by applying the load history plotted in Fig. 4.12(b). Strain measurements of each
tested smart brick were estimated by post-processing the electrical outputs through Eq.
(4.10), hence benchmarked against the average strain computed from the corresponding
couple of RSGs. It is worth noting that Eq. (4.10) was calibrated according to the strain-
sensing capabilities of each tested smart brick by means of the procedure described in
Section 4.3.2.1. A data acquisition card, model NI PXIe-4330, hosted within the chassis
NI PXI-1073 and set to a sampling rate of 10 Hz, was employed to acquire measurements
from RSGs.

4.3.3 Physical and mechanical properties

Physical and mechanical properties of smart bricks made with stainless steel microfibers

are investigated with the methodologies hereinafter illustrated. In particular, Computed
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Figure 4.12: Electromechanical tests carried out on smart bricks to study their effectiveness
in strain measurements: (a) Laboratory setup of an axial compression test on a smart brick
instrumented with a couple of RSGs; (b) Load history applied on each sample.

Tomography (CT) scans are carried out to examine the internal structure of the smart
bricks evaluating the dispersion of the steel fibers within the clay matrices, while compres-
sion and three-point bending tests are performed to assess the influence of various contents

of the electrically conductive filler to the mechanical properties of the novel sensors.

4.3.3.1 Computed tomography scan

This non-invasive imaging technique permits the analysis of 3D volumes of heterogeneous
materials by means of the reconstruction of X-Ray projections of the scanned sample,
in which dense constituents, such as the steel-based ones, can be identified owing to their
marked X-Ray attenuation (Heijs et al. 1995; Carrara et al. 2018). Samples of smart bricks
were therefore subjected to CT scanning to investigate their internal structure evaluating
the dispersion of the stainless steel microfibers within the doped clay matrices. Tests
were carried out on cylindrical samples of diameter of 7 mm retrieved by drilling the
horizontal surface of smart bricks made with contents of steel fibers comprised within the
first percolation threshold identified according to the methodology reported in Section
4.3.1.1 (i.e. 0.25% and 0.50% as described later in Section 4.4.1.1). Doped samples were
produced by following the procedure in Section 4.2.1, as well as the plain brick scanned
for reference (Fig. 4.13(a)). Experiments were carried out at the Laboratories of the
Technische Universitdt Braunschweig by using a CT scanner, model EasyTom Nano by
RX Solutions (Fig. 4.13(b)), with the setup reported in Table 4.1.

Data analysis was performed by employing a dedicated commercial software, named Avizo
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Fig. 4.13: X-Ray CT scan of smart bricks: (a) Example of a tested sample (the plain brick);
(b) Setup of a sample in the CT scanner.

Table 4.1: Setting of the CT scanner employed to examined samples of smart bricks.

Voltage [kV] Current [#A] Number of images  Voxel size [pm] Filter

140 71 1440 5 0.1 mm Aluminum

(Scientific 2018), which allowed the visual assessment of 16-bit grayscale pictures of the 2D
orthogonal projections of each scanned sample, along with its 3D volume reconstruction.
Exploiting the software library OpenCV (Bradski 2000), a custom Python procedure was
specifically developed to statistically characterize, at a first level of approximation, the
presence of the steel-based filler within the cylindrical samples by counting bright single
pixels present inside the pictures of the 2D horizontal scans, attributable to well-dispersed
steel fibers, after removing clusters of pixels, which represented metallic inclusions in the
clay or agglomerations of fibers, according to the following two-step procedure: considering
the original 16-bit grayscale pictures scaled to 8-bit, pixels with an intensity value over 20
and grouped inside a perimeter equal to or greater than 1000 pixels were deleted in a
first iteration. Afterward, clusters with a perimeter over 5 pixels and characterized by a
pixel intensity value equal to or greater than 200 were deleted through a second iteration.
Bright single pixels were finally counted from post-processed pictures by taking only into
account pixels with an intensity value equal to or larger than 200. It is worth noting
that the procedure was applied on five equally spaced projections for each scanned sample,
considering equally sized pictures of their 2D scans. The dispersion of the steel fibers within
each scanned sample was evaluated through the computation of a distribution index, I,

defined as follows:

1 = pi
I =— —-1 4.12
b= ;:1 v 00 (4.12)
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where n is the number of 2D horizontal projections taken into account for each examined
sample (in this case, n=5), while p and p’ are the number of pixels, without counting
clusters and counting clusters, respectively, present inside the i-th projection. According
to Eq. (4.12), large values of the index point out a better dispersion of the steel fibers with

respect to the other metallic inclusions.

4.3.3.2 Compression tests

Displacement-controlled compression tests were performed for determining the secant elas-
tic modulus and the compressive strength of smart bricks made, according to the produc-
tion process reported in Section 4.2.1, with contents of stainless steel microfibers comprised
within the first percolation threshold (i.e. 0.25% and 0.50% as described later in Section
4.4.1.1). This was identified by following the methodology reported in Section 4.3.1.1.
Samples made of plain clay were also tested as benchmark. Compression tests were carried
out with a constant displacement rate of 5 um/s measured by using three LVDTs. Fric-
tion at the interfaces between plates of the test machine and smart bricks was reduced by
employing polytetrafluoroethylene (PTFE) sheets. Measurements of relative displacement
were used for retrieving strain applied to each sample, allowing the definition of the com-
pressive stress versus strain curves. The secant elastic modulus of each tested smart brick
was determined by considering a stress equal to the 40% of the compressive strength and
its corresponding value of the axial strain, according to the Italian Technical Standards for
Constructions ( Circolare esplicativa del 02.02.2009 contenente “Istruzioni per l'applicazione
delle nuove norme tecniche per le costruzioni di cui al D.M. 17.01.2018” 2009).

4.3.3.3 Three-point bending tests

Displacement-controlled three-point bending tests were performed for determining the frac-
ture energy for the opening mode of fracture of smart bricks made according to the pro-
duction process reported in Section 4.2.1 with sizes of 40x40x160 mm? and without the
addition of electrodes. Tests involved sensors containing amounts of stainless steel mi-
crofibers comprised within the first percolation threshold (i.e. 0.25% and 0.50% as de-
scribed later in Section 4.4.1.1) determined by carrying out the electrical tests illustrated
in Section 4.3.1.1, along with samples made of plain clay. Bending tests were carried out
following the methodology reported in RILEM (1985), by applying a downward load on
the center of each sample. These were positioned within the testing machine with a span
of 100 mm. A constant displacement rate of 2 mm/min, measured by using three LVDTs,

was considered for reaching the maximum applied load within 30-60 s since the beginning
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of the test. According to the adopted Technical Standards, a notch of depth of 20 mm
and width of 4 mm was made at the centerline of the samples before the drying phase.
Relative displacements at the center of each sample were automatically measured by the
testing machine. It is worth noting that the determination of the fracture energy for the
opening mode of fracture of smart bricks is of the utmost importance in particular for the
calibration of the CDP model adopted in this work to numerically reproduce the behavior

of the masonry and its components.

4.3.4 Environmental effects on the electrical outputs of the smart bricks

Especially in the case of long-term acquisitions, it is of the utmost importance to under-
stand how environmental effects induce changes in the total electrical resistance of the
smart bricks by producing noise in their electrical outputs. This phenomenon makes chal-
lenging distinguishing if changes in the total electrical resistance are due to modifications in
the structural response of the monitored construction or to variations in the climatic con-
ditions. Experiments to determine the influence of environmental effects, due to changes
in temperature and humidity, on the electrical outputs of smart bricks made with stainless
steel microfibers were therefore carried out by testing masonry subassemblies, consisting
of three bricks arranged in column with mortar layers, under outdoor climatic conditions.
This structural setting is particularly effective for testing smart bricks without the appli-
cation of prestressing loads on the sensors. Indeed, while the smart brick to be tested was
positioned in the central row of the subassembly, the other bricks, placed above and below
the sensor, respectively, ensured the stabilization of the external copper plate electrodes.
Since conventional clay bricks were employed to build the structural setting, the smart brick
was produced with standard dimensions of 250x120x55 mm? by following the manufactur-
ing process reported in Section 4.2.1. For practical reasons, only a smart brick made with
a content of stainless steel microfibers equal to 0.25%, with respect to the weight of fresh
clay, was produced and tested. Layers of lime mortar were used to arrange the bricks.
A further masonry subassembly, built by using three conventional clay bricks, was also
tested as benchmark. In this case, the brick placed in the middle of the structural setting
was turned into a sensor, hence it was instrumented with external copper plate electrodes
and insulated from the other masonry components avoiding current flow propagation (Fig.
4.14(a)). Electrical measurements were carried out by using the methodology described
in Section 4.2.2.1, while temperature and humidity were acquired through a Tinytag data
logger, model TGP-4017, placed in the proximity of the tested sensors (Fig. 4.14(b)).

Data were continuously acquired for 24 hours by performing six measurements per hour.
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Fig. 4.14: Investigation on the influence of the environmental effects, due to changes in
temperature and humidity, on the electrical outputs of the smart bricks: (a) Exemplification
of the tested subassemblies; (b) Setup for outdoor measurements.

The mean values of the total electrical resistance, temperature, and relative humidity
were computed at each hourly interval. Exemplifying a compensation of the electrical
outputs from environmental effects, a simple linear regressive model was adopted to remove
the noise due to the changes in temperature from the total electrical resistance of the
smart bricks (Ubertini et al. 2017b). Accordingly, such a regressive model was invoked to
predict the dependent variables, y;, representing the predicted values of the total electrical
resistance of a smart brick, considering the independent variables, x;, hence the recorded

values of the temperature, as follows:

yi = bo + by, (4.13)

where by and b; are the predicted weights that minimize the sum of squared residuals.
The error term of the statistical model, e;, was computed by considering the following

relationship:

€; = ?]z — Yi, (4.14)

where g; is the value of the total electrical resistance acquired from the smart brick. It is
worth noting that the obtained residuals are unaffected by environmental effects and can
be therefore used as indicator of the structural integrity of the monitored construction by

associating large variations in their trend to modifications in the structural response of the
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construction being monitored.

4.4 Characterization of the smart bricks: Results

This section collects the results obtained by carrying out the experiments proposed in
this work to achieve a comprehensive characterization of the electrical, electromechanical,
physical, and mechanical properties of smart bricks made with stainless steel microfibers.
Results from the investigation on the environmental effects on the electrical outputs of the

novel sensors were also presented.

4.4.1 Electrical tests

Results obtained from the investigation carried out on the percolative behavior of the smart
bricks are discussed below, along with those found by performing electrical measurements

with both external and embedded electrodes from the novel sensors.

4.4.1.1 Percolative behavior

Measurements of the internal electrical conductivity of smart bricks made with different
contents of stainless steel microfibers and equipped with resin stripe electrodes are plotted
in Fig. 4.15. As expected, the conductivity of the novel sensors is boosted by increasing
the content of steel fibers within the clay matrices. Although the plotted trend always
grows, above 1.50% of filler content, continuous conductive networks were reasonably well-
formed and further additions of steel fibers only produced a slight increase in the electrical
outputs. Overall, observing the entire curve, it can be noted that the percolation of smart
bricks seems to be characterized by a double threshold (Sumita et al. 1991; Wen and
Chung 2007). Indeed, a first percolation threshold can be identified between 0.25% and
0.50%, while a second one between 1.50% and 3.00%. In such a percolative behavior,
the first threshold is commonly attributable to the amount of filler dispersed within the
matrix, while the second threshold is due to the electrical continuity of the matrix itself.
Therefore, even considering the results obtained by performing CT scans according to the
methodology presented in Section 4.3.3.1, the second percolation threshold, in this case,
can be conceivably attributed to the metallic inclusions intrinsically dispersed within the
clay matrices and randomly connected with the steel fibers developing internal continuous
electrically conductive chains (see Section 4.4.3.1). As a result, once a certain number of
continuous conductive paths were formed, the electrical properties of smart bricks were

further boosted. It should be noted that the assessment of the percolative behavior, i.e.
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of the percolation curve, was exploited in this work for supporting the optimization of the
production process of the smart bricks since the contents of filler comprised within the
first percolation threshold were selected for performing further investigations concerning
the strain-sensing capabilities of the novel sensors and for carrying out studies on their

physical and mechanical properties.

Figure 4.15: Percolation curve of smart bricks doped with stainless steel microfibers.

4.4.1.2 Use of the external copper plate electrodes

Results of the percentage variation in the total electrical resistance of smart bricks com-
puted from measurements performed with both embedded and external electrodes are
shown in Fig. 4.16. Measurements conducted by using external copper plate electrodes
demonstrate that smart bricks become more conductive by increasing the content of steel
fibers within the clay matrices. On the contrary, the trend representing the outputs pro-
vided by the embedded stainless steel wire electrodes indicates that the percentage varia-
tion of the resistance increased at each increment of conductive filler dispersed within the
matrices. Such a phenomenon can be attributed to the development of a contact resistance
between the surface of wire electrodes and the doped clay. Indeed, taking into account the
production process of the bricks presented in Section 4.2.1, the experience demonstrates
that the addition of steel fibers within the clay matrices slight reduces the workability of the
composite material. Accordingly, the embedding of wire electrodes in the wet bricks before
the drying phase produces holes bigger than expected and that increase with the decreasing
of workability, leading to a faulty contact between electrodes and the surrounding doped
material that does not allow to perform accurate electrical measurements. Therefore, con-
sidering that the use of steel wire electrodes embedded in smart bricks doped with steel

fibers poses questions concerning their reliability, this work promotes the employment of
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external copper plate electrodes for conducting electrical measurements from smart bricks

made with steel fibers.

Figure 4.16: Percentage variation in the total electrical resistance of smart bricks computed
from measurements performed with both embedded steel wire electrodes and external copper
plate electrodes by varying the contents of dispersed steel fibers.

4.4.2 Electromechanical tests

This section outlines the results obtained by conducting electromechanical tests on smart
bricks for the validation of the series resistors model and for the investigation on their

effectiveness in measuring strain when subjected to increasing compression loads.

4.4.2.1 Validation of the series resistors model by testing single smart bricks

Smart bricks made of 0.25% and 0.50% of stainless steel microfibers, with respect to the
weight of fresh clay, and plain bricks were tested under axial compression loads to val-
idate the previously proposed series resistors model by exploiting a two-step calibration
procedure. All the tested samples demonstrated a clear sensitivity in the investigated
compressive range, as confirmed by the time histories of the total electrical resistance plot-
ted for each sensor in Fig. 4.17. Although every increment in the applied load led to a
reduction in the total electrical resistance of the samples, at low compressive states, i.e.
below 1.5 MPa (5 kN), the decrease in the electrical resistance is non-linear, particularly
in the case of smart bricks made with a content of steel fibers of 0.50%, with respect to
the weight of fresh clay, which are the most electrically conductive bricks among the tested
samples. As a result, within the compression range between 0.3 MPa and 1.5 MPa, the
strain-sensing capabilities of the samples are largely due to the contribution of the contact

resistance instead of their piezoresistivity. Above compression states of 1.5 MPa, trends of
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the total electrical resistance linearly decrease as the applied compression load increases.
In this case, therefore, variations in the electrical outputs of the sensors can be attributed

to their piezoresistive behavior since the contact resistance assumed negligible values.

Figure 4.17: Total electrical resistance measured by the smart bricks subjected to electrome-
chanical tests: (a) Plain samples; (b) Samples made of 0.25% of steel fibers; (c¢) Samples made
of 0.50% of steel fibers.

Results of linear regression analysis carried out on trends of the total electrical resistance
above 1.5 MPa are depicted in Fig. 4.18(a, b, ¢), which also reports the gauge factors
computed for each tested sample and each investigated formulation (Fig. 4.18(d)).

All the sensors outputted a linear electrical response when compressive strained up to 4
MPa, especially smart bricks made of 0.25% of steel fibers, whose fitting is characterized by
an average coefficient of determination, R?, of 0.9916. The addition of the filler improved
the linearity of the response of this formulation compared to that of the tested plain bricks,
whose R? is 0.9797. On the contrary, the increase in the content of filler up to 0.50%

resulted in a slight decrease in the linearity response of the corresponding formulation
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Figure 4.18: Total electrical resistance of smart bricks versus the applied strain measured
above 1.5 MPa: (a) Plain samples; (b) Samples made of 0.25% of steel fibers; (c¢) Samples
made of 0.50% of steel fibers; (d) Gauge factors obtained by carrying out linear regression
analysis on data gathered by testing smart bricks above 1.5 MPa. AVG indicates the average
gauge factor computed for each formulation of smart bricks.

of smart bricks, whose average R? is 0.9783. This is however comparable to the others.
The percolative behavior of the novel material can be the cause of that phenomenon,
in particular the proximity of the considered content of fibers with the first percolation
threshold. The piezoresistive capability of smart bricks was improved by increasing the
content of filler within the matrices, as demonstrated by the average values the gauge
factors, 236, 374, 425, computed for sensors with 0.00%, 0.25%, 0.50% of steel fibers,
respectively. Table 4.2 collects results from both linear regression analysis and curve-fitting
procedures, providing a complete overview of the characterization of the series resistors

model according to the investigated formulations.
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Table 4.2: Results obtained from the experimental characterization of the strain-sensing be-
havior of the investigated formulation of smart bricks: R; o is the unstrained internal electrical
resistance of the smart brick, a’ is the relative sensing at the contact resistance, b is the contact
resistance exponential term, \ is the gauge factor, and R? is the coefficient of determination
of the curve-fitting.

Sample Ri o [MQ] a’ b A R?
A0.00% 7.13 6.45E-13 3 241 0.9779
B0.00% 3.36 3.53E-13 3 219 0.9781
C0.00% 4.82 4.30E-13 3 248 0.9789
AVG 0.00% 5.11 4.76E-13 3 236 0.9783
A0.25% 8.91 6.17E-13 3 443 0.9843
B0.25% 7.10 9.27E-13 3 388 0.9705
C0.25% 7.34 5.06E-13 3 291 0.9901
AVG 0.25% 7.78 6.83E-13 3 374 0.9816
A0.50% 3.23 1.40E-12 3 311 0.9552
B0.50% 5.00 6.18E-12 3 529 0.9554
C0.50% 8.02 2.93E-12 3 436 0.9862
AVG 0.50% 5.42 3.50E-12 3 425 0.9656

Additionally, Fig. 4.19 depicts the trends of the relative change in the total electrical resis-
tance of the sensors versus the applied strain. Trends of the three strain-sensing behavior
equations retrieved for each formulation of smart bricks, whose terms were computed by
considering the average value of the parameters estimated for each amount of steel fiber
considered in this study, are also reported in the plots. It is worth noting that the strain
range experienced by performing the electromechanical tests was used as input data in the
series resistors model to obtain strain measurements of magnitudes comparable with those
of the experimental trends. The obtained average coefficients of determination confirm that
the proposed theoretical model satisfactorily fitted the experimental data after completing
the calibration procedure. Even more important, Fig. 4.19 points out that the sensing
capability at the contact electrodes, as well as that due to the intrinsic piezoresistivity
of smart bricks, can be improved by increasing the content of steel fibers within the clay
matrices.

Overall, the obtained results proved that the series resistors model theoretically proposed
in this work can be used for describing the strain-sensing behavior of smart bricks under
compression loads. Besides, results also demonstrated that both smart bricks made of
0.25% and 0.50% of steel fibers, possessing similar enhanced sensing capabilities, can be
employed for monitoring strain in masonry constructions. Therefore, from an electrome-

chanical point of view, the choice between these two formulations only depends on the
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Figure 4.19: Relative change in the total electrical resistance of smart bricks versus the
applied strain measured in the investigated compressive range (from 0.30 MPa to 4 MPa): (a)

Plain samples; (b) Samples made of 0.25% of steel fibers; (c) Samples made of 0.50% of steel
fibers.

demanded strain sensitivity.
For the sake of completeness, an example of application of the two-step calibration proce-

dure on a smart brick of standard dimensions of 250x120x55 mm?,

made with a content
of steel fibers equal to 0.25% according to the manufacturing process in Section 4.2.1, is
reported in Fig. 4.20. In particular, Fig. 4.20(b) shows the time history of the total
electrical resistance outputted by the tested sensor, pointing out its non-linear electrical
response in correspondence of small values of compression load. As demonstrated for smart
bricks produced in smaller sizes, the electrical response of the tested sensor became linear
at relatively high compressive states (see Fig. 4.20(c)). Overall, the series resistors model
is still effective for describing the electromechanical behavior of smart bricks of standard

dimensions, as shown in Fig. 4.20(d).
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Figure 4.20: Results from the two-step calibration procedure applied on a smart brick of
standard dimensions made with a content of steel fibers equal to 0.25%: (a) Laboratory setup
of testing; (b) Time history of the total electrical resistance; (c¢) Linear regression analysis on
data of the total electrical resistance and applied strain acquired at relatively high compres-
sive states; (d) Curve fitting procedure on data of the relative change in the total electrical
resistance and applied strain acquired in the whole compressive range.

4.4.2.2 Effectiveness of smart bricks in strain measurements

Smart bricks made with a content of stainless steel microfibers of 0.50%, with respect to
the weight of fresh clay, were subjected to increasing axial compression loads to prove their
effectiveness in measuring strain by comparing their outputs against those provided by
couples of RSGs adhered onto their outer surfaces. Table 4.3 collects parameters of Eq.
(4.10) obtained by performing the calibration procedure described in Section 4.3.2.1 and
utilized for the post-processing of the electrical outputs from smart bricks to retrieve their
strain measurements.

These are reported in Fig. 4.21, along with the outputs provided by RSGs and LVDTs. The

novel sensors clearly detected the application of the load history by outputting an increase
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Table 4.3: Results obtained from the experimental characterization of the strain-sensing
behavior of smart bricks made with 0.50% of steel fibers: R;( is the unstrained internal
electrical resistance of the smart brick, o is the relative sensing at the contact resistance, b
is the contact resistance exponential term, X is the gauge factor, and R? is the coefficient of
determination of the curve-fitting.

Sample Rio [MQ] a b A R?
SB 0.50% A 5.80 6.86E-12 3 363 0.9815
SB 0.50% B 9.55 1.44E-11 3 412 0.9465
SB 0.50% D 15.9 3.40E-12 3 331 0.9527

in their compressive strain state at each load increment. Although measurements provided
by the compared sensing technologies are consistent, the outputs from smart bricks are
characterized by a noteworthy non-linear trend showing that non-constant changes in strain
measured by the smart bricks corresponded to linear increments in the applied loads. This
mechanical response is attributable to the ability of the novel sensors to take into account
the non-linear mechanical behavior commonly exhibited by the conventional clay brick
when strained in compression. In particular, this behavior is induced by the settlements
that occurred in the internal macroporosity of the material. Indeed, as also confirmed by
scanning samples of smart bricks with the CT technique as proposed in Section 4.3.3.1,
the novel sensors, as well as the conventional clay bricks, are made of a porous material
that when linearly stressed in compression presents non-constant settlements leading to
non-linear variations in strain. Therefore, the outputs from smart bricks varied constantly
according to the linear increase in the applied load only once settlements of the macropores
of their internal structure stabilized by increasing the compression acting on the novel
sensors. A similar behavior can be also observed in the outputs from LVDTs, which are
affected by a non-linear trend comparable to that of smart bricks in correspondence of the
first application of the compression load. Fig. 4.22 puts in relation measurements gathered
from smart bricks and their corresponding couple of RSGs, highlighting differences in their
strain-sensing behavior through a marked drift from the plotted ideal trend that outlines
an equal response of the sensing technologies to the increasing compression.

An estimate of the non-linearity taken into account by the compared sensing technologies
is provided in Fig. 4.23, which shows load-strain curves according to the outputs provided
by smart bricks and RSGs. Reported trends were fitted by carrying out linear regression
analysis and the Mean Absolute Error (MAE) was adopted to quantify the non-linearity of
the responses of the sensors. The obtained results confirm that smart bricks, presenting the

highest values of the MAE, are capable of providing a more accurate estimate of the applied
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Figure 4.21: Comparison among the strain outputs provided by the tested smart bricks,
their corresponding couples of RSGs, and the LVDTs, for which the average (AVG) strain is
plotted: (a) Measurements obtained by testing smart brick A; (b) Measurements obtained by
testing smart brick B; (¢) Measurements obtained by testing smart brick C.

Figure 4.22: Strain outputs provided by the tested smart bricks versus the average strain
measured by the corresponding couples of RSGs. The plotted ideal trend would outline an
equal strain-sensing behavior between the compared sensing technologies.
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strain since their outputs include such a non-linear response intrinsic of the material. On
the contrary, RSGs hardly can take into account the macroporosity of the bricks and its
influence in the response under compression, since their measurements are referred only
to a small external portion of the surfaces of the samples. Overall, the presented study
proved that smart bricks can be more effective than RSGs for monitoring strain in masonry

constructions under increasing axial compression loads.

Figure 4.23: Load-strain curves with annotated the values of the Mean Absolute Error
(MAE) obtained for the tested smart bricks and their corresponding couples of RSGs, for
which the average (AVG) strain is considered: (a) Measurements obtained by testing smart
brick A; (b) Measurements obtained by testing smart brick B; (c) Measurements obtained by
testing smart bricks C.

4.4.3 Physical and mechanical properties

Results achieved by examining smart bricks with the CT scan technique, along with those
obtained by subjecting samples of brick to compression and three-point bending tests are

reported below.
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4.4.3.1 Computed tomography scan

CT scans were performed on samples drilled from smart bricks made of 0.25% and 0.50% of
stainless steel microfibers, with respect to the weight of fresh clay, to examine their internal
structure by assessing the dispersion of the filler within the clay matrices. Obtained results
were also compared with those from the scans of a sample retrieved from a plain brick. Fig.
4.24(a) reports pictures of the 3D volume of each cylindrical sample allowing the visual
assessment of the densest constituents of the clay matrices, i.e. steel fibers and metallic
inclusions randomly distributed within the reference volumes. It is worth noting that,
the unsystematic connectivity observable between both constituents made challenging the
statistical quantification of the well-dispersed steel fibers inside each scanned sample. In
light of that, five 2D horizontal projections were analyzed for each scanned cylindrical
sample by carrying out the statistical quantification of the dispersion of the filler, at a first
level of approximation, through the evaluation of the bright single pixels contained within
each 2D scan. It should be noted that to illustrate results obtained from the performed
CT scans avoiding redundant information, only the pictures of the 2D middle projections
of the samples are hereinafter discussed. In particular, Fig. 4.24(b) shows the 2D scans
of each cylindrical sample with pixels of an intensity value between 13709 and 65535.
Herein, darken colors denote the intrinsic internal macroporosity, which is typical of the
clay-based materials (Mooney 2002), while colors from gray to white point out constituents
capable of X-ray attenuation according to an increasing density. Steel fibers and metallic
inclusions, being the densest components within the scanned samples, were highlighted
in Fig. 4.24(c) by further adjusting the pixel intensity value with a lower and an upper
bound of 65470 and 65535, respectively. Clustered pixels representing metallic inclusions
were subsequently removed from the 2D projections, as shown by Fig. 4.24(d), through
the application of the custom Python procedure previously introduced in Section 4.3.3.1.

The average number of bright single pixels detected for each examined cylindrical sample
is reported in Fig. 4.25(a), which also shows the trend obtained by carrying out a linear
regression analysis on the plotted data. The assessment of the coefficient of determination
of the fitting, which is equal to 0.9882, suggests that the average number of bright single
pixels, i.e. well-dispersed steel fibers, detected within the samples linearly increased with
the content of filler adopted for producing the investigated sample. It should be noted
that a small number of single pixels were still detectable within the projections of the plain
sample due to the presence of residual pixels of metallic inclusions of small size that were
not completely removed by the applied procedure. Considering that metallic inclusions of

small size were reasonably present also in the post-processed scans of the doped matrices,
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(@) (b) (c) (d)

Fig. 4.24: Results obtained by carrying out CT scans on smart bricks made with different
contents of stainless steel microfibers: (a) Pictures of the 3D volumes reconstructed by scan-
ning cylindrical samples; (b) Grayscale pictures of the 2D middle horizontal projections with
a pixel intensity value between 13709 and 65535; (c) Pictures of the 2D middle horizontal
projections with a pixel intensity value between 65470 and 65535; (d) Pictures of 2D middle
horizontal projections after the post-processing in Python environment.

the value of the intercept of the regression model, of about 86 pixels, can be assumed
as the average number of bright single pixels statistically present within each examined
sample and representing metallic inclusions of small size. Fig. 4.25(b) reports the trend
of the distribution index computed for each formulation of smart bricks. According to
its increasing values, the dispersion of the steel fibers within the samples improved by
increasing the amount of filler used for producing the sensors. Due to the variability of
steel fibers detectable within the scans of the doped samples, the latter are characterized
by a marked standard deviation compared to that computed for the plain material, whose
number of pixels identified within its projections was reasonably more uniform since only

due to metallic inclusions. Overall, the obtained results demonstrated that the internal
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macro-porous structure of the

bricks. Results also pointed out that by increasing the amount of steel fibers used during

the manufacturing process of the novel sensors, a more uniform distribution of the filler

within the clay matrices can b

can be obtained. Such a featur

the distribution of the steel fibers the more the electrical/electromechanical response of

the smart bricks is uniform.

smart bricks is similar to that of the conventional clay

e achieved, hence more homogeneous composite materials
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Fig. 4.25: Results obtained by carrying out CT scans on smart bricks made with different
ofibers: (a) Average number of detected bright single pixels
versus the content of steel fibers dispersed within the scanned samples; (b) Trend of the
average distribution index versus the content of steel fibers dispersed within the scanned
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4.4.3.2 Compression tests

Table 4.4 collects values of the secant elastic modulus and the compressive strength de-

termined for plain bricks and s

mart bricks made of a content of stainless steel microfibers
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of 0.25% and 0.50%, with respect to the weight of fresh clay, respectively. Due to the
variability in the obtained values, Tukey’s method was considered for identifying outliers
within each data set. Accordingly, upper and lower thresholds were defined by exploit-
ing the interquartile range, taking into account a value equal to one of the non-negative
constant k for their computation. Values exceeded thresholds were therefore identified
as outliers. It is worth noting that a more restrictive value of k (usually, £ = 1.5, here
k = 1.0) was considered due to the small dimension of the data set. Outliers detected with
such a methodology were however retained avoiding reducing the dimension of the data
set, nevertheless, median values of the investigated mechanical properties were considered
since less influenced by data scattering. The obtained results show that a progressive in-
crease in the amount of steel fibers dispersed within the clay matrices produced a slight
increase in the elastic modulus and a moderate decrease in compressive strength compared
to the median values computed for the plain bricks. An increase in the content of steel
fibers from 0.25% to 0.50% resulted in a modest decrease in the median value of the elastic
modulus. Overall, the performed experiments demonstrated that smart bricks made with
an amount of steel fibers equal to 0.25% and 0.50% possess mechanical properties compa-
rable to those of the conventional clay bricks. In light of that, the novel sensors can be
fully integrated within a masonry construction for monitoring strain without interfering

with its global/local structural response.

4.4.3.3 Three-point bending tests

Table 4.5 collects values of the fracture energy for the opening mode of fracture determined
for samples of plain bricks and smart bricks made of a content of stainless steel microfibers
of 0.25% and 0.50%, with respect to the weight of fresh clay, respectively. Possible outliers
within the data set were identified by adopting Tukey’s method, as explained in the previous
section. Even in this case, although the scattering in the data set is limited since only a few
samples are laying outside the computed Tukey’s thresholds, the comparison between the
investigated formulations of smart bricks was carried out maintaining all the measurements
in the experimental data set and by considering the median values of the fracture energy.
Results show that samples doped with an amount of steel fibers equal to 0.25% possess a
moderately higher median fracture energy than the plain material, while a further increase
in the content of conductive filler, from 0.25% to 0.50%, produced instead a decrease in
fracture energy compared to that found for plain samples. Overall, results achieved in
that study demonstrated that the addition of steel fibers to the clay matrices results in

minimum modifications of the fracture energy for the opening of fracture compared to that
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Table 4.4: Secant elastic modulus and compressive strength determined by performing com-
pression tests on plain bricks and smart bricks made with a content of stainless steel micro
fibers equal to 0.25% and 0.50%. Computed median (MED) values are annotated for each
investigated formulation of smart bricks.

Sample Secant elastic modulus [MPa] Compressive strength [MPa]
A 0.00% 4015 15
B 0.00% 3275 11
C 0.00% 3201 10
D 0.00% 12208 13
E 0.00% 2365 11
MED 0.00% 3275 11
A 0.25% 4356 9
B 0.25% 7013 9
C 0.25% 12730 8
D 0.25% 5194 11
E 0.25% 5882 14
MED 0.25% 5882 9
A 0.50% 8913 8
B 0.50% 4559 9
C 0.50% 12545 9
D 0.50% 4447 9
E 0.50% 4662 9
MED 0.50% 4662 9

of the plain material. Once again, the assumption that smart bricks possess mechanical

properties similar to that of the conventional clay bricks is proven.

4.4.4 Environmental effects on the electrical outputs of the smart bricks

Experiments for the investigation on the influence of the environmental effects, due to
changes in temperature and humidity, on the electrical outputs of the smart bricks were
conducted by testing masonry subassemblies under outdoor climatic conditions. Fig. 4.26
shows the results obtained by testing the structural setting equipped with a smart brick
made of 0.25% of stainless steel microfibers with respect to the weight of fresh clay.

In particular, the hourly trends of the total electrical resistance, temperature, and relative
humidity are plotted in the picture along with the correlation matrix collecting the coef-
ficients of correlation computed between the considered data sets. At a first glance, it is
possible to note that the total electrical resistance of the tested smart brick is negatively

correlated with the temperature and positively correlated with the relative humidity. This
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Table 4.5: Fracture energy values determined by performing three-point bending tests on
samples of plain bricks and smart bricks made with a content of stainless steel micro fibers equal
to 0.25% and 0.50%. Computed median (MED) values are annotated for each investigated
formulation of smart bricks.

Sample Fracture Energy [N/mm] Sample Fracture Energy [N/mm]
A 0.00% 0.38 A 0.50% 0.38
B 0.00% 0.42 B 0.50% 0.40
C 0.00% 0.40 C 0.50% 0.37
D 0.00% 0.40 D 0.50% 0.39
E 0.00% 0.36 E 0.50% 0.38
F 0.00% 0.40 F 0.50% 0.39
MED 0.00% 0.40 MED 0.50% 0.39
A 0.25% 0.42
B 0.25% 0.37
C 0.25% 0.42
D 0.25% 0.43
E 0.25% 0.43
F 0.25% 0.42
MED 0.25% 0.42

means that an increase in the electrical outputs of the novel sensor corresponded to a
reduction in the values of the temperature and an increase in the trend of the humidity.
Considering the correlation between the temperature and the total electrical resistance,
smart bricks show the typical behavior characterizing the insulating materials when ex-
posed to changes in temperature, i.e. the electrical resistance of the insulator decreases
by increasing the temperature. This appears reasonable, especially by taking into account
that, although smart bricks made of 0.25% of steel fibers possess improved electrical prop-
erties than those of plain bricks, they are still characterized by high values of the electrical
resistance. The phenomenon can be explained by considering what happens at the atomic
level within a heated insulator: The flow of the current within a material is due to the
movement of electrons from one atom to another under the influence of an electric field.
Materials defined as insulators possess a very limited number of free electrons than con-
ductive materials, hence, their conductivity is much lower. Heating a material induces
vibrations in its atoms, which tend to free electrons. In this circumstance, freed electrons
significantly contribute to increase the current flow especially in the case of insulating mate-
rials, resulting in a noticeable increase in their conductivity, and therefore in a measurable
reduction in their electrical resistance (Ward 1971). A more careful assessment of the pos-

itive correlation between the total electrical resistance and the relative humidity leads to
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Fig. 4.26: Results obtained by carrying out tests on masonry subassemblies for the investi-
gation on the environmental effects on the electrical outputs of the smart bricks: (a) Hourly
trend of the total electrical resistance acquired from the smart brick made with a content of
stainless steel microfibers equal to 0.25 %; (b) Hourly trend of the temperature; (c) Hourly

trend of the relative humidity; (d) Correlation matrix.

the conclusion that the influence of the changes in humidity on the electrical outputs of

the smart bricks is secondary to the contribution of the temperature. This can be affirmed

since, in principle, an increase in the humidity should result in a decrease in the values

of the total electrical resistance of the novel sensor and not the contrary, as experienced.

Conceivably, changes in the relative humidity influences the electrical outputs of the smart

bricks only if the value of the relative humidity remains stable for a period equal to or longer

than the time required by the water particles to infiltrate within the internal macroporous

structure of the bricks. The hourly trend of the humidity is however characterized by a

perfect agreement with the recorded changes in the temperature, as also confirmed by the

strong negative correlation linking these two environmental parameters. Fig. 4.27 reports
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the results obtained by testing the subassembly equipped with a conventional clay brick
turned into a sensor. The assessment of the correlation matrix demonstrates that conven-
tional clay bricks and smart bricks react in the same way to the changes in temperature.
These also influenced the trend of the relative humidity as previously discussed.
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Fig. 4.27: Results obtained by carrying out tests on masonry subassemblies for the investi-
gation on the environmental effects on the electrical outputs of the smart bricks: (a) Hourly
trend of the total electrical resistance acquired from the conventional clay brick turned into
a sensor; (b) Hourly trend of the temperature; (c) Hourly trend of the relative humidity; (d)
Correlation matrix.

The effects of the changes in temperature were removed from the trends of the total electri-
cal resistance by leveraging on the linear correlation, shown in Fig. 4.28, between these two
parameters. In particular, Fig. 4.29(a) illustrates the effectiveness of the linear regressive
model in predicting the trend of the electrical output of the tested smart brick according
to the recorded temperature data. The high value of the coefficient of correlation confirms

the good fit between the regressive model and the experimental data, with the consequence
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that the computed residuals are of small magnitude. Similar results were found for the
conventional clay brick turned into a sensor, as depicted in Fig. 4.29(b). Overall, experi-
ments demonstrated that daily changes in temperature affect the total electrical resistance
of the smart bricks. However, these effects can be easily removed from the trend of the
electrical outputs of the novel sensors. A broader training period is necessary to properly

calibrate the regressive model for monitoring purposes.
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Fig. 4.28: Results obtained by carrying out tests on masonry subassemblies for the investi-
gation on the environmental effects on the electrical outputs of the smart bricks: (a) Linear
regression analyses carried out on data of the total electrical resistance, acquired from the
smart brick made with a content of stainless steel microfibers equal to 0.25 %, versus temper-
ature and relative humidity; (b) Linear regression analyses carried out on data of the total
electrical resistance, acquired from the conventional clay brick turned into a sensor, versus
temperature and relative humidity.
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Fig. 4.29: Results obtained by carrying out tests on masonry subassemblies for the investiga-
tion on the environmental effects on the electrical outputs of the smart bricks: (a) Temperature
compensation on the electrical outputs acquired from the tested smart brick; (b) Temperature
compensation on the electrical outputs acquired from the tested conventional clay brick turned
into a sensor.
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4.5 Closing remarks

This chapter introduced novelties concerning the development of the smart brick technol-
ogy, whose state-of-the-art is reviewed in Chapter 2. This innovative sensing solution for
SHM of masonry constructions involves a new class of durable brick-like sensors obtained
by doping fresh clay with stainless steel microfibers to improve the strain-sensing capabil-
ities of the clay-based material. Exploiting their enhanced piezoresistivity, smart bricks
are capable of providing measurable changes in their electrical resistance when strained
in compression, which can be exploited for monitoring purposes if correlated, by means
of a suited electromechanical model, to the changes in the compressive strain state of the
sensors. Envisioning a monitoring system involving smart bricks, these can be therefore
fully integrated within masonry structural elements enabling the automated revealing of
modifications in their strain field, which can lead to the detection and localization of the
developing damages, including those due to earthquake loading.

Stainless steel microfibers were selected as the suitable conductive filler to boost the elec-
trical and electromechanical properties of the novel sensors due to their heat resistance and
their high electrical conductivity. The use of this filler, as well as the use of the external
copper plate electrodes to conduct electrical measurements, represent the first novelties
introduced in the smart brick technology by this work.

A further step forward concerns the definition of a brand-new electromechanical model,
called series resistors model, describing the strain-sensing behavior of the novel sensors un-
der the application of compression loads, which once calibrated permits to retrieve strain
measurements through the post-processing of the electrical outputs from the smart bricks.
First of all, experiments were conducted to investigate the electrical behavior of smart
bricks as the content of steel fibers dispersed within the clay matrices increases. Achieved
results demonstrated that the addition of steel fibers to the clay-based material markedly
improve its electrical properties. The percolative behavior of the novel sensors was also
evaluated. This is characterized by a double percolation threshold, a feature that was
exploited in this work to optimize the manufacturing process of the smart bricks by se-
lecting the first percolation threshold as a reference for conducting investigations on their
electromechanical, physical, and mechanical properties.

In particular, electromechanical tests were carried out to validate the series resistors model,
allowing its experimental characterization according to the amount of conductive filler used
for the production of the novel sensors. The obtained results confirmed the effectiveness of

the innovative electromechanical model proposed for strain estimation, also demonstrating
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that the addition of the steel fibers to the clay-based material greatly improves its piezore-
sistivity, as well as the sensing at the electrodes of the smart bricks. The effectiveness of
the novel sensors in measuring strain under increasing compression loads was proved by
comparing their outputs against those provided by RSGs adhered to their external sur-
faces. In this case, the achieved results highlighted the intrinsic capability of the smart
bricks in providing strain measurements that take into account the non-linear mechanical
response typically exhibited by the conventional clay bricks when stressed in compression.
It should be noted how useful this feature can be while monitoring strain in a typical
masonry structural setting.

CT scans were performed on samples of smart bricks made with different amounts of steel
fibers to assess their physical properties investigating the quality of the dispersion of the
conductive filler within the clay matrices. Experiments permitted to evaluate all the con-
stituents within the doped material of which smart bricks are made of, pointing out the
presence of numerous connections between the steel fibers and the metallic inclusions in
the clay that allow the formation of further conductive paths internally to the composite
material. The use of a distribution index in combination with a custom image-processing
procedure also permitted to statistically characterize the dispersion of the steel fibers within
the scanned volumes at a first level of approximation. As main result, these experiments
demonstrated that smart bricks possess an internal structure similar to that of the con-
ventional clay bricks.

Compression and three-point bending tests were carried out to study the influence of the
conductive filler in the mechanical properties of the smart bricks. In particular, the elas-
tic modulus, the compressive strength, and the fracture energy for the opening mode of
fracture were assessed. The obtained results demonstrated that a content of filler equal to
0.25% or 0.50% can be added to the clay matrices without altering the mechanical response
of the bricks neither in compression nor in bending.

Masonry subassemblies were tested under outdoor climatic conditions to study the envi-
ronmental effects, due to the changes in temperature and relative humidity, on the electri-
cal outputs of the smart bricks. The obtained results demonstrated that there is a strong
negative correlation between the total electrical resistance of the novel sensors and the tem-
perature, whereby the values of the electrical outputs of the smart bricks decrease as the
temperature surges. Similar results were also obtained by testing a subassembly equipped
with a conventional clay brick turned into a sensor. Based on the performed tests, there-
fore, changes in temperature faster influence the physical structure of the bricks than the

changes in humidity. This because the particles of water dispersed in the air need time
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to enter within the pores of the material and alter its conductivity, while daily changes in
humidity occurred much faster than this infiltration time. Experiments also proved how
the effects of daily changes in temperature can be removed from the electrical outputs of
the smart bricks by using a linear regressive model.

Overall, this chapter provided a comprehensive characterization of the smart bricks, demon-
strating that these novel sensors, made by doping fresh clay with stainless steel microfibers,
can be considered to all intents and purposes as a newly conceived sensing technology for
seismic SHM of masonry constructions based on strain measurements. Fig. 4.30 reports a

conceptual exemplification of the data sheet of a smart brick.
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Smart brick UNI-025

Description

Piezoresistive strain-sensing sensor for monitoring masonry structures.

General Data

Size (LxWxH): 250x120x55 mm?3
Weight: 2.58 kg
Base material: Clay
Conductive filler: Stainless steel microfibers, model R.STAT/s,
0.25% of the weigth of fresh clay used in the production
Electrodes typology: External copper plates
Insulating layer: Tape

Sensor Specification

Supply voltage: 20Vpp, biphasic DC measurement approach
Unstrained internal electrical resistance, R;o: 22.37 MQ
Relative sensing at the contact resistance, a': 4.93E-12
Contact resistance exponential term, b: 3

Gauge factor, A: 731

Average percentage variation in pe under compression:
+11peg/-MQ +6%/-MQ o: 0.03 MPa ~ 0.17 MPa
+50pe/-MQ +12%/-MQ o> 0.17 MPa

Average percentage variation in the total electrical resistance due to the temperature:
F9%/+°C

Fig. 4.30: Conceptual exemplification of the data sheet of a smart brick.

74



Chapter 5

Applications of the smart brick
technology

5.1 Introduction

Smart bricks are piezoresistive brick-like sensors representing an innovative sensing tech-
nology for SHM of masonry constructions. Their enhanced strain-sensing capabilities are
based on the correlation between variations in their strain conditions and changes in their
electrical outputs. In particular, an increase in the compressive strain state of a smart
brick, caused by an increment in the compressive stress acting on it, results in a measur-
able decrease in its electrical resistance. Such an electromechanical behavior, developed
through the addition of stainless steel microfibers to the clay matrices, can be exploited
to reveal the internal load paths redistributions, induced by the development of damages,
when smart bricks are embedded within masonry structural elements. Indeed, in prin-
ciple, possessing physical and mechanical properties similar to those of the conventional
clay bricks, the novel sensors can be deployed wherever within a masonry construction
without altering its global/local structural response, thus overcoming most of the limiting

factors shown by the off-the-shelf sensing technologies during their practical applications
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(Fig. 5.1). After having thoroughly characterized the smart bricks in Chapter 4, some
meaningful applications of these rising sensing devices are illustrated in this chapter, so
as proving their effectiveness for SHM of full-scale masonry constructions with particular
attention to the detection and localization of earthquake-induced damages.

The rest of the chapter is structured as follows. Section 5.2 illustrates proposals of dam-
age detection and localization algorithms based on the post-processing of the strain mea-
surements from smart bricks. Section 5.3 first reports the methodology adopted for the
experimental validation of the series resistors model for retrieving strain measurements
from smart bricks embedded within masonry structural elements. Later, meaningful case
studies in which smart bricks are employed for monitoring the strain field in small- and
full- scale masonry constructions are presented. Section 5.4 outlines the obtained results,

while closing remarks and further comments are reported in Section 5.5.

Figure 5.1: Illustrations of the deployment of smart bricks of standard dimensions.

5.2 Proposal of damage detection and localization algorithms

based on the strain measurements from smart bricks

Damage detection and localization in masonry constructions are currently challenging tasks
of the utmost importance that demands continuous development in SHM techniques. In
this regard, the smart brick technology appears as a promising alternative to the traditional
SHM approaches commonly applied to masonry constructions since it exploits brick-like
sensors strategically embeddable within the load-bearing structures, whose outputs can be
post-processed allowing the assessment of modifications in the strain field of the monitored
structural element, as well as the detection and localization of developing cracking pat-
terns.

Envisioning the implementation of seismic systems based on the smart brick technology,
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strain measurements provided by the novel sensors can be post-processed according to two
main strategies: a first approach, usable only in case of smart bricks deployed within dense
sensor networks, consists in the post-processing of the strain measurements provided by
the novel sensors through suitable spatial interpolation techniques thus enabling the re-
construction of the strain field in the structure being monitored. This approach permits
to accurately point out critical areas characterized by strain concentrations/relaxations
induced by the load paths redistributions that may occur internally to the construction at
the formation of cracks. Therefore, in this case, damages developed on a structure can be
located by means of the cross-comparison of the spatially interpolated strain measurements
(5.2(a)). A second approach consists of comparing actual strain measurements provided
by smart bricks with baseline data referring to a reference condition of the structure be-
ing monitored, for instance, when it was in a sound state. According to this technique,
adoptable indifferently in the case of smart bricks deployed in both coarse and dense sensor
networks, damages developed on a structure can be detected and located by assessing in
time changes in strain revealed by each singular sensor (5.2(b)).

It is worth noting that this section is aimed only to provide a preliminary conceptualization
of the use of smart bricks for strain monitoring purposes. The damage detection and
localization strategies briefly proposed herein are later described in detail and applied in
the case studies presented in the following sections. For the sake of clarity, it should be also
noted that no temperature and humidity compensation was carried out in the proposed
case studies since measurements from smart bricks were acquired within a limited time

span in which environmental conditions were monitored and stable.

5.3 SHM applications: Methodology

This section reports the experimental and numerical methodologies adopted in the case
studies proposed in this work to prove the effectiveness of the smart brick technology for

monitoring strain in masonry constructions.

5.3.1 Validation of the series resistors model by testing a typical struc-

tural setting

The use of the series resistors model for retrieving strain measurements through the post-
processing of the electrical outputs from smart bricks subjected to increasing compression
loads was investigated in Chapter 4. Herein, before presenting meaningful applications

of the smart brick technology, the series resistors model is experimentally validated prov-
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Figure 5.2: Conceptual exemplifications of SHM systems based on the smart brick technol-
ogy: (a) Smart bricks deployed within a dense sensor network for the reconstruction of the
strain field. Concentrations/relaxations detected in the strain distribution may be related to
modifications in the load paths due to the development of cracks to the structure; (b) Smart
bricks deployed within a coarse sensor network for monitoring permanent changes in strain
(being € the compressive strain measured from each embedded sensor). Marked changes in
the strain measured by smart bricks may be related to modifications in the load paths due to
the development of cracks to the structure.

ing its effectiveness in estimating strain when smart bricks are embedded within a typical
structural setting. To do that, a small-scale masonry wall specimen of 370x50x390 mm?
was subjected to eccentric axial compression loads of increasing intensity exemplifying a
non-uniform redistribution of the dead loads on the structural element after an earthquake.
Such a critical loading condition can be frequently observed in the case of masonry con-
structions designed without a proper box behavior, in which damages due to the ground
motions induce unsymmetrical internal load paths redistributions that result in excessive
loading on structural elements such as pier panels, vaults, and arches, which can lead to
fragile collapse mechanisms if a second seismic event strikes the damaged construction after
the main shake. The wall specimen, built and tested by exploiting the facilities of the Lab-
oratory of Structural Dynamics of the University of Perugia (UniPg LabDyn), consisted of

28 plain bricks and 7 smart bricks, arranged in five columns and seven rows by using R3
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class cement mortar joints of thickness of approximately 5 mm, as depicted in Fig. 5.3(a).
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Figure 5.3: Electromechanical tests on a small-scale masonry wall specimen equipped with
smart bricks made with a content of stainless steel microfibers equal to 0.25%: (a) Illustra-
tion of the tested wall specimen and smart bricks deployment; (b) Adopted load history and
laboratory setup.

Smart bricks were manufactured according to the production process described in Section
4.2.1 by adopting a content of steel fibers equal to 0.25% and external copper plate elec-
trodes to perform electrical measurements through the methodology reported in Section
4.2.2.1. Plain bricks were fabricated by following the same production process without
the addition of any electrically conductive filler nor electrodes. Tests were conducted by
first damaging the wall specimen through the application of a centered axial compression
load, whose magnitude was increased up to the formation of a visually detectable crack-
ing pattern. After that, the structural element was eccentrically stressed by applying the
load history plotted in Fig. 5.3(b) on its left side considering a distance from its center-
line of about 110 mm, hence maintaining each load step constant for 10 s allowing data
gathering from the embedded smart bricks. The novel sensors were therefore employed
for monitoring changes in strain due to the development of cracks in an existing cracking
pattern. A hand-operated hydraulic press operating on a steel member of thickness of 5
mm, placed with a dry contact on the top of the wall, was used for load distribution. Strain
measurements were retrieved by post-processing the total electrical resistance from smart
bricks through Eq. (4.10) specialized according to the strain-sensing capabilities of bricks
made of 0.25% of steel fibers by using the parameters collected in Table 5.1. These were
determined by testing single smart bricks in Section 4.4.2.1 by following the calibration

procedure illustrated in Section 4.3.2.1. Such a common set of parameters was considered
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since the employed smart bricks were not individually characterized before their embed-
ding within the wall specimen. Strain estimation was carried out through the dedicated
software "SHM-Smartbricks".

Table 5.1: Parameters of Eq. (4.10) adopted for retrieving strain measurements from smart
bricks (0.25% of stainless steel microfibers) embedded within the small-scale masonry wall
specimen: R; is the unstrained internal electrical resistance of the smart brick, o’ is the
relative sensing at the contact resistance, b is the contact resistance exponential term, and A
is the gauge factor.

Sample Ri o [MQ] a b A
Embedded smart bricks 7.78 6.83E-13 3 374

5.3.2 Use of smart bricks deployed within a dense sensor network

Similarly to the first case study, the following application of the smart brick technology
deals with a small-scale masonry wall specimen equipped with the novel sensors and ec-
centrically loaded in its plane. This time, however, the main objective of the investigation
is to demonstrate the effectiveness of smart bricks for strain field reconstruction and dam-
age detection and localization when embedded within a dense sensor network in masonry
structural elements subjected to critical loading conditions caused by earthquake-induced
damages. In particular, strain measurements provided by the novel sensors were compared
with those outputted by RSGs directly attached on their outer surfaces. This was done
to benchmark the outputs from smart bricks against those provided by one of the most
widely adopted traditional devices for monitoring strain in masonry constructions dur-
ing practical applications. Furthermore, a 3D mechanical model, discretized with the FE
method, was built to numerically simulate the test by interpreting the outputs from smart
bricks, while a procedure, exploiting a kriging interpolator, was developed and used for the
post-processing of the strain measurements retrieved from the sensor arrays allowing the

reconstruction of the strain field in the wall specimen being monitored.

5.3.2.1 Experimental testing

The tested structural element was a small-scale masonry wall specimen of 370x50x390 mm?

built at the UniPg LabDyn by arranging 35 bricks in five columns and seven rows by using
M15 class cement mortar layers of about 5 mm of thickness. Seven smart bricks, manufac-
tured according to the procedure described in Section 4.2.1 by using a content of stainless

steel microfibers equal to 0.50% and external copper plate electrodes, were deployed within
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the thickness of the wall, by forming a dense sensor network, for monitoring changes in
strain. Additionally, each embedded smart sensor was also instrumented with a couple of
RSGs, model Kyowa KFG-20-120-C1-11L1M2R, characterized by a gauge factor of 2.11
and directly bonded onto the centerline of the opposite vertical surfaces of each smart
brick. Further building details and sensors deployment are exemplified in Fig. 5.4(a). The
wall specimen was eccentrically loaded in compression in its plane by applying the load
history plotted in Fig. 5.4(b) on its right side, considering a distance from its center of
approximately 110 mm. A 5 mm thick steel beam, placed on the top of the masonry struc-
tural element with a dry contact, was adopted for load distribution. Each load increment

was kept constant for 10 s, thus allowing raw sensor data acquisition.

l Applied load
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Figure 5.4: Electromechanical tests on a small-scale wall specimen equipped with smart
bricks made of 0.50% of stainless steel microfibers: (a) Illustration of the tested wall specimen
and sensors deployment; (b) Adopted load history and laboratory setup.

In particular, the electrical outputs from smart bricks were gathered by following the

methodology reported in Section 4.2.2.1, hence post-processed for strain estimation by
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means of Eq. (4.10) characterized by the parameters reported in Table 5.2. Contemporary,
RSGs were connected to a dedicated data acquisition system, model IMC Cronos-PL 16,
through 5-pin DSUB connection terminals, model ACC/DSUB-B2, using a quarter-bridge
configuration with a nominal gauge resistance of 120 2 and a sampling frequency equal to
10 Hz. The obtained strain measurements from smart bricks were therefore compared to the
average strain computed from the corresponding couple of RSGs. It is worth noting that the
parameters of the series resistors model reported in Table 5.2 were determined to maintain
comparable the measurements from smart bricks and RSGs in terms of magnitude, so as
focusing the attention on the assessment of changes in strain provided by the two different
sensing technologies at each increment of the applied load with respect to the first step
of the performed load history. In light of that, the coefficients a’ and A were determined
by means of a post-embedded calibration procedure, based on the least square method,
matching strain retrieved from smart brick 6 with the average one computed from its
corresponding couple of RSGs for an applied load equal to 5 kN. The tuned parameters were
selected within a data set containing the results obtained in Section 4.4.2.1 and 4.4.2.2 by
testing smart bricks made of 0.50% of steel fibers, while the value of the unstrained internal
electrical resistance, R; o, was set equal to the median extracted from the experimental
data set. Smart brick 6 was considered for the calibration of the parameters a’ and \ since
embedded within the portion of the tested structural element expected to be most strained
in compression without being positioned too close to the application point of the load. The
post-processing of data acquired from smart bricks was carried out through the dedicated
software "SHM-Smartbricks", while a custom script developed in Python environment was
adopted for processing the data from RSGs.

Table 5.2: Parameters of Eq. (4.10) adopted for retrieving strain measurements from smart

bricks (0.50% of stainless steel microfibers) embedded within the small-scale masonry wall

specimen: R; is the unstrained internal electrical resistance of the smart brick, o’ is the

relative sensing at the contact resistance, b is the contact resistance exponential term, and A
is the gauge factor.

Sample Ri o [MQ] a’ b A
Embedded smart bricks 6.91 1.71E-11 3 529

5.3.2.2 Mechanical model and numerical simulations

Tests carried out on the small-scale masonry wall specimen were numerically simulated
through the definition of a non-linear 3D mechanical model, discretized with the FE method

in Abaqus environment (see Fig. 5.5), so as interpreting the strain measurements provided
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by the smart bricks and the RSGs employed for monitoring the structural element. A mi-
cromechanical modeling strategy was considered to properly define the mechanical behavior
of the masonry components, i.e. plain bricks, mortar layers, and smart bricks, achieving a

reasonable level of accuracy in the numerical outputs provided by the FE simulation.

Steel beam
Mortar layer
Weak mortar layer

Plain brick

z

A

Yy X

BEEC RN

Figure 5.5: Illustration of the micromechanical model reproducing the small-scale masonry
wall specimen.

Since the wall specimen was eccentrically loaded in its plane without the application of any
horizontal force, hence horizontal slips between the masonry components were conceivably
limited, the brick-mortar interaction was neglected, thus simplifying the mechanical model
and avoiding also an unnecessary computational effort in the FE simulation, as well as the
introduction of further mechanical parameters not experimentally estimated in this work.
The nonlinear mechanical behavior of the masonry components was reproduced by adopting
the CDP model (see Section 3.3). The 3D model consisted of 68651 nodes and 60840 linear
brick elements, type C3D8R, with reduced integration to control shear and volumetric
locking (Zienkiewicz et al. 1977). The mesh size was 5.0 mm as the thickness of the layers
of mortar. The steel beam used for load distribution was included in the 3D model by
discretizing its geometry with C3D&R, elements characterized by a mesh size of 10.0 mm.
The contact interface comprised between the top surface of the wall and the bottom surface
of the steel member was modeled with a surface-to-surface contact interaction specialized
with a unilateral contact normal behavior and a frictional tangential behavior. This was set
with a friction coefficient equal to 0.6 (Wael and Drysdale 2004), while the bottom surface
of the steel beam was chosen as the master surface of the contact interface. An increasing
pressure was applied on the steel beam to simulate the loading during the experiment,
while pins were set along the three main directions to restrain the 3D model. Table 5.3

outlines the mechanical parameters used to define the behavior of the masonry components
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and the steel member. In particular, flow potential eccentricity, e, dilatation angle, v, ratio
of initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress,
Obo/0co, and ratio of the second stress invariant to the tensile meridian, K., were selected
from Lubliner et al. (1989), being settings typically used for quasi-brittle materials when
dealing with the CDP model. The elastic modulus of the mortar was set reducing by 5%
that reported by the manufacturer in the data sheet since a higher amount of water was used
for the production of the binding agent to achieve the desired workability. Accordingly, the
empirical relation o9 = £/1000 was considered for determining its compressive strength.
Elastic modulus and compressive strength of smart bricks and plain bricks were obtained
from the experiments carried out in Section 4.4.3.2, while the tensile strength of all the
masonry components was computed as oy = 0.9/10. Values of the fracture energy of
smart bricks and plain bricks were taken from Section 4.4.3.2, while that of the mortar was
similarly determined by conducting three-point bending tests on samples made with M15
class cement mortar according to the methodology reported in RILEM (1985). A viscosity
parameter, u = 0.0001, was set to resolve convergence issues in the softening branch. The
maximum value of the damage parameter d; for each damageable material was set equal
to 0.80 in correspondence of the cracking displacement at which complete loss of strength
takes place, u.

Such a mechanical model was used to interpret the outputs from the physical sensors
instrumenting the wall specimen once the experimental and the numerical cracking patterns
were comparable. To do that, the introduction of weak mortar layers in the 3D model was
needed, hence the tensile strength of the mortar was reduced by 60% in correspondence
of the cracks experimentally developed on the structural element. Besides, the tensile
strength of smart bricks was sensibly increased, always to maintain the experimental and
the numerical cracking patterns comparable. These parameters, along with the elastic
modulus of the mortar, were tuned by preliminary carrying out a sensitivity analysis to
assess their influence on the value of the strain retrieved from the smart bricks numerically
represented in the 3D model. This was addressed through the methodology proposed
in Jorgensen and Bendoricchio (2001). Accordingly, FE simulations were carried out by
varying individually the selected parameters by +10%, hence strain measurements from
smart bricks 3 and 6, retrieved for a load applied on the 3D model equal to 5 kN, were
considered as reference outputs. The obtained results, reported in Table 5.4, show that
the elastic modulus of the mortar was the only parameter affecting the value of the strain
extracted from the 3D model. A Python script was properly defined to extract and post-

process outputs obtained from the numerical simulation. The mean value of the elastic
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Table 5.3: Parameters of the CDP model used to simulate the non-linear mechanical behavior
of the construction materials utilized for building the small-scale masonry wall specimen: flow
potential eccentricity, e, dilatation angle, 1, ratio of initial equibiaxial compressive yield stress
to initial uniaxial compressive yield stress, op,/0c0, ratio of the second stress invariant on
the tensile meridian, K, elastic modulus, F, Poisson’s coefficient, v, compressive strength,
00, tensile strength, oy,, fracture energy, Gy, viscosity parameter, u, compressive damage
parameter (DAMAGECQ), d,, inelastic strain, €', tensile damage parameter (DAMAGET),
dy, and cracking displacement, u$".

General parameters for quasi-brittle materials
[ o] S0/ 0co [ K. []
0.1 10 1.16 2/3
Mortar layers
E = 14250 MPa v=0.15 oo = 14.25 MPa 049 = 1.43 MPa
Gy =0.013 N/mm p = 0.0001

de[-] e [ dy |-] ug® [mm]
0.00 0.00 0.00 0.00
0.80 0.02

Weak mortar layers
E = 14250 MPa v=0.15 oq0 = 14.25 MPa 04 = 0.57 MPa
Gy =0.013 N/mm p = 0.0001

de[-] e |l dy |-| ug® o]
0.00 0.00 0.00 0.00
0.80 0.05

Plain bricks
E = 3275 MPa v=—0.15 o0 =11.3 MPa o040 = 1.13 MPa
Gy =040 N/mm p = 0.0001

de[-] e |l dy |-] ug® ]
0.00 0.00 0.00 0.00
0.80 0.71

Smart bricks
E = 4662 MPa v=—0.15 o0 =875 MPa o049 = 1.76 MPa
Gy =039 N/mm p=0.0001

de[—] e [ d [-] ug® [mm]
0.00 0.00 0.00 0.00
0.80 0.44
Steel beam

E = 210000 MPa v=0.30

axial strain extracted at the integration points of the solid elements used for the numerical
discretization of the smart bricks was computed, hence compared with the corresponding

measurements provided by the physical sensors.
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Table 5.4: Results from the sensitivity analysis carried out on the 3D model of the small-scale
masonry wall specimen: tensile strength, o, and elastic modulus, E.

Influence on the outputs [%]

Parameter Strain smart brick 3 Strain smart brick 6
oo smart brick 0 0

oo mortar 0 0

FE mortar -9.72 -9.24

5.3.2.3 Strain field reconstruction

The Ordinary Kriging (OK) approach is implemented in the smart brick technology en-
abling strain field reconstruction in masonry through the spatial interpolation of the out-
puts from the smart bricks embedded within strategic locations of the load-bearing struc-
tures by forming dense sensors networks. In particular, in this case study, the strain
measurements from smart bricks and RSGs instrumenting the wall specimen were adopted
as training data for the OK interpolator with the aim to reconstruct the strain field maps
of the tested structural element. Kriging is a method of spatial interpolation born from
Geostatistics (Krige 1951; Matheron 1963). Nowadays, the kriging interpolator is employed
in a broad range of SHM applications for the post-processing of data from dense sensor
networks (Laflamme et al. 2016a; Sadoughi et al. 2018b; Qin et al. 2018). Knowing the
values of an arbitrary function at specific locations, the kriging permits to evaluate its un-
known value at a further point within the computation domain, by taking into account a
weighted average of the known observations of the function in the vicinity of the estimation
point. The approach exploits interpolation coefficients, determined by adopting a semivar-
iogram model, to correlate samples variation within a data set with the distance between
them in the considered domain (Cressie 1992; Zhang and Wu 2015). The OK formulation,
which assumes that the mean of the interpolating function is unknown and constant in the
considered domain, was chosen among the kriging approaches available in the literature
(Cressie 1992), since capable of providing a better estimation of the unknown value at an
interpolation point when dealing with a limited data set to train the model. Assuming
that z(x) is an arbitrary function satisfying the condition of intrinsic stationarity, whose
value at a point x in the spatial domain D is known and that z(x+h) denotes its unknown
value at the point x+h, where h is the distance between the two points, the interpolation
coefficients can be determined through a generic formulation of a semivariogram model as
follows (Cressie 1992):

~v(h) = %Var[z(a:) — z(z + h)], (5.1)
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Therefore, for n samples within a data set, z(x1),...z(zy), at points x1,...x,, the OK model
predicts the value of z(xg) at the unknown point zy by considering the following linear
function (Cressie 1992):

z(zo) = Zz\iz(xi), (5.2)
i=1

where, {\;}1_; are the interpolation coefficients selected to obtain an unbiased estimation
of the value of the function with a minimum value of the variance.

Spatial interpolations of sensor data were carried out by means of an open-source toolkit,
named PyKrige (Murphy 2014), developed in Python environment. More in detail, changes
in strain computed with respect to the reference condition (the load step of 5 kN) were
computed for both smart bricks and RSGs. Afterward, the data sets were spatially inter-
polated for mapping changes in strain thorough the entire structural element. Lastly, the
obtained maps were compared. The interpolation coefficients in Eq. (5.2) were estimated
by adopting a linear variogram model whose parameters were automatically computed by
the PyKrige toolkit through an L1 norm normalization scheme (Horn and Johnson 1990).
The linear variogram model was chosen among those available in PyKrige, being the model

that provided the lowest variance for the considered training data sets.

5.3.2.4 Damage detection and localization

A damage detection and localization procedure, based on the spatially interpolated strain
measurements provided by smart bricks, was proposed as depicted in Fig. 5.6 to reveal
the development of damages on the tested wall specimen. Exploiting the strain field re-
construction methodology previously described in Section 5.3.2.3, the interpolated map,
obtained for a step s of the applied load history, was discretized according to a grid of
10x10 blocks of size of about half a brick and contained an equal number of interpolation
points. Then, a damage index, ; s, retrieved from that defined by Laflamme et al. (2016b),
was calculated as the ratio between the average strain computed in the -th reference block

and that in its surrounding, A;, as follows:

Tis

Lig= =20
1,8 ZJEAZ 71‘7‘75/”7‘/’

(5.3)
where 7, is the average strain in the j-th block of the grid comprised in A;, while n; is
the number of blocks located in the vicinity of the i-th reference block. The surrounding
area A; was selected by taking into account the arrangement of bricks and mortar layers

composing the structural element. In particular, two consecutive blocks close to the i-th
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reference block were considered in all directions for the index computation, whenever was
possible. Once determined, values of the damage index were mapped. Cracking patterns
developed on the wall specimen due to excessive compressive strain were therefore identified
through the assessment of the areas within the obtained maps marked with the highest
value of the proposed damage feature, since this, as it was defined, reaches its maximum
value in correspondence of the occurrence of high strain gradients due to the formation of
cracks. The parameters reported in Table 5.5 were utilized for the post-processing of the
electrical outputs from smart bricks through Eq. (4.10). These were retrieved by selecting
the median value of each from an experimental data set obtained by testing smart bricks
in Section 4.4.2.1 and 4.4.2.2. A general calibration of the strain-sensing capabilities of the
employed novel sensors was therefore preferred. The damage index maps obtained for the
smart bricks were benchmarked against those from the RSGs retrieved by following the

same procedure.

Table 5.5: Parameters of Eq. (4.10) adopted for retrieving strain measurements from smart
bricks (0.50% of stainless steel microfibers) embedded within the small-scale masonry wall
specimen for damage detection and localization: R;( is the unstrained internal electrical
resistance of the smart brick, a’ is the relative sensing at the contact resistance, b is the
contact resistance exponential term, and A is the gauge factor.

Sample Rio [MQ] a b A
Embedded smart bricks 6.91 4.79E-12 3 387
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Figure 5.6: Illustration of the damage detection and localization procedure based on the
kriging interpolation of the strain measurements provided by smart bricks.
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5.3.3 Use of smart bricks deployed within a coarse sensor network

The effectiveness of smart bricks for detecting and locating earthquake-induced damages
when deployed in a coarse sensor network within masonry constructions is investigated in
this case study, in which the first full-scale experimental application of the smart brick
technology for monitoring an unreinforced masonry (URM) building specimen subjected
to shaking table tests is presented. In particular, the tested mock-up was progressively
damaged by increasing the intensity of the shakes, hence, smart bricks were used to mon-
itor permanent changes in strain induced by the dead load redistributions that occurred
within the structure. A 3D mechanical model discretized with the FE method was built

to numerically simulate the test by interpreting the outputs from smart bricks.

5.3.3.1 Experimental testing

The URM building specimen was built and tested at the Seismic Laboratory of the ENEA
Casaccia Research Center by taking into account, for its design, literature examples con-
cerning masonry buildings previously tested on the shaking table used for this experiment,
a 4x4 m? platform with six degrees of freedom, frequency range from 0 to 50 Hz, maximum
acceleration of 3.00 g, maximum velocity of 0.50 m/s, and maximum displacement of 0.25
m (Dolce et al. 2008; Dolce et al. 2009). The mock-up, shown in Fig. 5.7(a), consisted of
two levels and a foundation curb of thickness of 16 cm made with concrete, class C25/28,
reinforced with ten longitudinal steel bars, class B450C, of diameter of 10 mm (European
Committee 1992). The slab was a 16 cm brick floor reinforced in both directions and fixed
to a concrete curb of same thickness containing four steel reinforcing bars of diameter of
10 mm, while the roof was composed by HEA100 beams, made of class S275 steel, ar-
ranged in both directions and anchored to a 16 cm thick concrete curb reinforced with
six steel rebars of diameter of 10 mm (European Committee 1993). Two balconies were
built by anchoring four HEA100 beams to the first and second reinforced concrete curbs.
The load-bearing masonry walls were built by arranged M10 cement mortar joints and
hollow masonry blocks of 16x30x18 cm? obtained by cutting antiseismic thermal blocks of
45x30x18 cm?, produced by an Italian brick manufacturer (cfr. Acknowledgements) (Eu-
ropean Committee 1996). Smart bricks, made according to the methodology described in
Section 4.2.1 with a content of steel fibers equal to 0.25% and equipped with external cop-
per plate electrodes, were adopted to instrument the ground floor of the tested mock-up.
In light of that, portions of hollow masonry blocks were cut and replaced with smart bricks,

by ensuring the connection between the sensors and the blocks with layers of mortar, as
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shown in Fig. 5.7(b). The obtained masonry subassemblies were deployed as exemplified

in Fig. 5.7(c), hence by placing two smart bricks per facade.

Dimensions in cm
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Figure 5.7: Illustrations of the URM building specimen subjected to shaking table tests: (a)
Pictures of the tested mock-up; (b) Conceptual illustration of a cut hollow masonry block with
a picture of a smart brick during its deployment; (c¢) Building details of the tested specimen
with annotated the positions of the smart bricks.

It is worth noting that the production of smart bricks with the same shape and geometrical
dimensions of the adopted hollow masonry blocks would have been challenging at this early
stage of research. Therefore, the use of such masonry subassemblies with embedded smart
bricks was considered as the most feasible approach to keep simple the production of the
sensors and to instrument the URM building without altering its structural response at
the same time. Additional steel plates were positioned at the first slab, on the steel slab of

the roof and the two balconies to increase the dead loads, whose entity is detailed in Table

5.6.

91



Chapter 5 Applications of the smart brick technology

Table 5.6: Structural masses of the URM building specimen.

Mass [10% kg]
Foundation 1.38
Structure 13.40
Additional 5.80
Total 20.58

Total without foundation 19.20

The URM building specimen was also instrumented by mounting ten uniaxial accelerome-
ters, model PCB 3711B112G, on the concrete curb of the foundation, first floor, and roof,
to measure accelerations along the three main orthogonal directions x, y, and z. Tests were
conducted by anchoring the mock-up to the shaking table using post-tensioned steel rods
and providing seismic inputs of increasing intensity according to the test sequence reported
in Table 5.8. Progressive damages were therefore induced to the structure. These were
carefully detected by carrying out visual inspections after the execution of each ground
motion. The adopted seismic input corresponded to the waveform of the Norcia Mw 6.5
earthquake (October 30" 2016 at 06:40 UTC, epicenter coordinate latitude 42.84° and
longitude 13.11°) recorded by the NRC seismic station located in Norcia and comprised
in the Ttalian Strong Motion Network (RAN) (Gorini et al. 2010). Records of its three
acceleration components, acquired during the execution of K2 earthquake by using the
accelerometers mounted on the foundation concrete curb, are reported in Fig. 5.8. A
Gaussian white-noise acceleration input, characterized by a standard deviation of 0.05 g,
was performed before and after each main shake for dynamic investigations (Pepi et al.
2019; Cavalagli et al. 2020).

5.3.3.2 Damage detection and localization

The electrical outputs were acquired from smart bricks after the execution of the main
shakes, i.e. the earthquakes E1, E2, and E3, and after the white-noise inputs, WN1, WN2,
and WN4, by following the methodology illustrated in Section 4.2.2.1. Strain estimation
was carried out by using the series resistors model (Eq. (4.10)) specialized with the set
of parameters collected in Table 5.8. These were determined in Section 4.4.2.1 by testing
smart bricks made with a content of steel fibers equal to 0.25%. Such a common set of
parameters was considered since the employed smart bricks were not individually charac-

terized before their installation within the URM building specimen. Damages progressively
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Table 5.7: Seismic sequence adopted to test the URM building specimen (I%,I¥,I} are
the components of the Arias Intensity ground motion parameter, computed for the three
orthogonal directions (Stafford et al. 2009)).

Stage Identification Code Description Ii[em/s] I{[cm/s] T [cm/s]
1 WN1 Step 1: white-noise

El Step 2: El earthquake 73.28 76.63 95.10
WN2 Step 3: white-noise

2 E2 Step 4: E2 earthquake  610.63 308.09 281.20
WN3 Step 5: white-noise

3 E3 Step 6: E3 earthquake  614.86 363.41 368.96
WN4 Step 7: white-noise

ﬁ
z z

L’ x Facade 1 L’

y  Facade 2

Figure 5.8: Records of the three acceleration components of E2 earthquake acquired by the
accelerometers mounted on the foundation concrete curb of the URM building specimen.

developed to the tested mock-up were detected and located by assessing changes in strain
through the definition of global and local damage indexes, Ilyick, based on the damage
feature proposed by Garcia-Macias and Ubertini (2019), as follows:
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1 0
Ipriek = n E \fﬁrick,i - 6brick,z"? (5.4)
i

where n is the number of smart bricks considered in the index computation (n = 8 for
the global damage index, n = 2 for the local damage index), €brick,i 1S the value of the
strain retrieved from the ¢-th smart brick at the step, s, of the performed seismic sequence,
while Egrick,i is that obtained at the reference condition, WN1. It is worth noting that
the execution of the white-noise WN1 produced a redistribution in the dead loads of the
tested mock-up without developing any visible damage, hence, this step was chosen as
reference condition since more representative of the coupled structural system consisting
in the mock-up and the shaking table. Eq. (5.4) therefore points out the average variation
in the strain measurements from smart bricks under dead loads with respect to the reference
condition at which the URM specimen was considered in a sound state. A value of the
index equal to zero computed for a step, s, of the performed seismic sequence means that
the tested mock-up was undamaged at the considered stage, whereas values of the index
greater than zero denote the occurrence of permanent strain variations that may indicate
the development of damages to the structure depending on their magnitude (i.e. marked
changes in strain are attributable to the development of cracks).

Table 5.8: Parameters of Eq. (4.10) adopted for retrieving strain measurements from smart

bricks (0.25% of stainless steel microfibers) embedded within the URM building specimen:

R; o is the unstrained smart brick’s internal electrical resistance, a’ represents the relative
sensing at the contact resistance, b is the exponential term, and X is the gauge factor.

Sample Rio [MQ] a’ b A
Embedded smart bricks 7.78 6.83E-13 3 374

5.3.3.3 Mechanical model and numerical simulations

The shaking table test was numerically simulated to interpret the strain measurements
provided by the smart bricks instrumenting the ground floor of the URM building specimen.
In light of that, a macromechanical model (see Fig. 5.9), discretized with the FE method
and characterized by 106709 nodes and 76699 linear brick elements, type C3D8R, with
reduced integration and a mesh size of 50 mm, was built in Abaqus environment.

Reduced integration was considered to control shear and volumetric locking (Zienkiewicz
et al. 1977), while such a mesh size was chosen to represent smart bricks embedded within
the load-bearing walls at about a third of their thickness while maintaining a reasonable

computational efficiency. Parts of the tested mock-up were first modeled separately by

94



Chapter 5 Applications of the smart brick technology

Steel [l

Reinforced concrete [l

z

A

y X

Figure 5.9: Illustration of the macromechanical model reproducing the URM building spec-
imen.

assigning the corresponding mechanical properties to each one, hence, merged according
to the global geometry. Structural elements not affected by any damage after the execution
of the seismic sequence were defined in the model as homogeneous isotropic linear elastic
materials, thus their mechanical behavior was described by providing the elastic modulus,
E, and the Poisson’s coefficient, v. Accordingly, £ = 20000 MPa and v=0.2 were set for
reinforced concrete elements, while £ = 210000 MPa and v=0.3 for steel members. The
masonry was modeled as a homogeneous isotropic material, hence the CDP model was
considered to describe its non-linear mechanical behavior, in particular, to simulate dam-
ages that occurred to the load-bearing walls as degradation of the elastic stiffness of the
masonry (see Section 3.3). Following, a brief recap concerning the nature of the mechanical
parameters adopted in the plastic-damage model is provided (see Table 5.9). The elastic
modulus, F, the Poisson’s coefficient, v, and the compressive strength, o9 were determined
by homogenizing the mechanical properties of employed masonry blocks and cement mor-
tar, provided by the manufactures, according to the Italian Technical Standard. The tensile
strength, o¢,, was determined by considering the empirical relation, oy, = 0¢,/10, while
the fracture energy, Gy, was defined by taking into account the investigations carried out
in Pluijm, van der (1992). Dilatation angle, 1, flow potential eccentricity, e, ratio of initial
equibiaxial compressive yield stress to initial uniaxial compressive yield stress, opo/0c0, and
ratio of the second stress invariant to the tensile meridian, K., were taken from the study
proposed by Lubliner et al. (1989) and correspond to values typically used for quasi-brittle
materials. Considering that the cracking patterns detected on the URM building were con-
ceivably caused by an excess in the shear forces acted in the structure during the shakes,

in

L were

the compressive damage parameter, d., and the inelastic strain in compression, ¢

95



Chapter 5 Applications of the smart brick technology

set equal to zero, while the tensile damage parameter, d; and the cracking displacement,
u§¥, were retrieved from the work proposed by Zizi et al. (2017). It should be noted that
the tensile strength of the masonry was numerically adjusted, with respect to its initial
value, by carrying out a calibration procedure of the 3D model to obtain a numerical
cracking pattern comparable to that observed by testing the URM building specimen. In
particular, the tensile strength was increased by about 70%. A Rayleigh damping set to
5% was considered to reduce spurious oscillations occurring in the high-frequency domain
that can trigger instability of the computation process (Honda and Sawada 1992). No
viscosity regularization of the constitutive laws of the CDP model was adopted, while the
standard settings for the stiffness recovery were considered. Measurements recorded by the
accelerometers mounted on the reinforced concrete foundation curb of the tested structure

were used to reproduce the experimental seismic sequence reported in Table 5.8.

Table 5.9: Parameters of the CDP model used to simulate the non-linear mechanical behavior
of the load-bearing masonry walls: Elastic modulus, F, Poisson coefficient, v, compressive
strength, 0.0, tensile strength, oy,, fracture energy, Gy, viscosity parameter, u, dilatation
angle, ¥, flow potential eccentricity, e, ratio of initial equibiaxial compressive yield stress to
initial uniaxial compressive yield stress, op,/0¢0, ratio of the second stress invariant on the
tensile meridian, K., compressive damage parameter (DAMAGEC), d., inelastic strain, €,

tensile damage parameter (DAMAGET), d;, and cracking displacement, u$*.

Elastic constants of the model
E = 3000 MPa v=20.2

Non-linear parameters of the model
o0 = 3.50 MPa 04, = 0.60 MPa

Gy =0.06 N/mm w=0
¥ = 10° e=0.1
Obo/0co = 1.16 K. =0.667
Damage in compression
dec e
0.00 0.00
Damage in tension
dy ug® [mm]
0.00 0.00
0.40 0.02
0.60 0.04
0.80 0.1

A custom Python subroutine was defined to retrieve strain measurements from the integra-

tion points of the solid elements of the 3D model located at the same position of the smart
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bricks embedded within the URM building specimen. Global and local damage indexes
were defined to estimate the severity of the damage that occurred to the 3D model inter-
preting the experimental results obtained by post-processing the outputs from the physical
sensors. Therefore, by considering a step, s, of the simulated seismic sequence, global and

local damage indexes, Ifp), were calculated as follows:

1
Ifpm = n Z |51§EMZ - G%EM,i’a (5.5)

i
where n is the number of solid elements in the 3D model considered in the index compu-
tation (n = 8 for the global damage index, n = 2 for the local damage index), €ty ; 18
the value of the strain extracted from the i-th brick element and referred at the considered
step, s, of the simulated seismic sequence, while e%EM’i is that obtained at the reference
condition (WN1).

A frequency response analysis was also carried out after each step of the simulated seismic
sequence to evaluate the influence of the damages progressively developed on the 3D model
on its modal features. In particular, by considering that a reduction in the stiffness of the
model, due to damage in tension, results in a decrease in its eigenvalues, the decay in the
natural frequencies of the 3D model was computed with respect to the reference condition
WNI1. Subsequently, a global damage index, Ifeq FEM> WBS defined for a considered step,

s, of the simulated seismic sequence, as follows:

1
Ifsreq FEM — " Z ’wlsi‘EM,z’ - w%EM,i’a (5.6)
i

where n is the number of modes of vibration of the 3D model considered for the index
computation (n = 20), Wrgy; 18 the value of the numerical natural frequency at the step,
s, of the simulated seismic sequence for the i-th mode of vibration of the model and ngMyi

is that obtained from the assumed reference condition (WN1).

5.4 SHM applications: Results

This section outlines the results achieved by employing smart bricks for monitoring strain

in the proposed case studies.
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5.4.1 Validation of the series resistors model by testing a typical struc-
tural setting

A small-scale masonry wall specimen equipped with smart bricks was tested to axial com-
pression loads to demonstrate the effectiveness of the series resistors model in estimating
strain by using the electrical outputs from the novel sensors when embedded within a
typical structural setting. The wall specimen was pre-damaged by applying a centered
axial compression load, hence smart bricks were used for monitoring developments in the
existing cracking pattern induced by eccentrically loading in compression the structural
element. Fig. 5.10(a) shows vertical cracks that were formed on cement mortar joints by
testing the wall specimen. Cracks named cq, ¢z, and c3 were developed by increasing the
compression load applied centrally to the wall specimen up to 30 kN. Their symmetrical
position, with respect to the centerline of the wall, denotes a homogeneous redistribution of
the load paths throughout the structural element. The performed eccentric axial compres-
sion test produced an increase in the width of the existing openings and the formation of
new cracks, namely ¢y, c5, cg, and c¢7, which developed in the middle area of the structural
element. Their initiation was heard and visually detected after the application of the load
step of 20 kN, hence, a further increase in the applied load, up to 30 kN, only produced
an increment in their thickness. Strain measurements retrieved from the embedded smart
bricks are plotted in Fig. 5.10(b). Smart bricks named 2, 5, 7 were the most strained in
compression at the end of the test, thus confirming the consistency of the reported results
with the investigated case study. The novel sensors detected cracks initiation at 20 kN
by means of sudden changes in their strain outputs. In particular, after the formation
of the central cracks, c4, cs5, cg, and c7, compressive strain increased faster than before
within the area surrounding smart bricks 2, 5, and 7, as demonstrated by their trends. On
the other hand, smart bricks 1, 4, and 6 revealed a slower increase in strain compared to
their initial tendencies. Additionally, the formed cracking pattern induced a progressive
decompression in smart brick 3. Overall, the obtained results demonstrated that the series
resistors model can be used for strain estimation when smart bricks are embedded within
a typical structural setting. It is worth noting that this investigation also exemplified a
first application of the smart brick technology for damage detection, by pointing out that
the outputs from the novel sensors are effectively influenced by the internal load paths

redistributions due to the formation of cracks.
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Figure 5.10: Results from compression tests carried out on a small-scale masonry wall
specimen equipped with smart bricks (0.25% of stainless steel microfibers): (a) Illustration of
the cracks formed on the structural element; (b) Applied loads versus strain estimated through
the post-processing of the electrical outputs from smart bricks gathered during the execution
of the eccentric axial compression test.

5.4.2 Use of smart bricks deployed within a dense sensor network

A small-scale masonry wall specimen was instrumented with smart bricks and RSGs, de-
ployed in a dense sensor network, to monitor changes in strain under eccentric axial com-

pression loads. Results obtained in this case study are reported as follows.

5.4.2.1 Experimental and numerical cracking patterns

The experimental and numerical cracking patterns detected on the wall specimen and the
3D model, respectively, are illustrated in Fig. 5.11. The application of a load equal to 15
kN on the tested structural element produced the development of cracks of initial small
thickness, named c1, co, and c3. Crack cyq formed later by increasing the applied load to 25
kN, while crack c5 was detected at the completion of the load history. The wall specimen
was still capable of maintaining its structural integrity at the end of the test despite affected
by a severe damage state. Damaged areas on the 3D model were identified through the
assessment of the parameter d;. A cracking pattern comparable with that experimentally
observed by testing the wall specimen was obtained on the 3D model only at the end of
the FE simulation, although weak mortar layers were used to facilitate the reproduction of
the openings developed during the experiment. The early development of damages on the
tested structural element, not corresponding to what happened to the 3D model, can be

conceivably associated with irregularities in the arrangement of bricks and mortar layers
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that induced stress concentrations within the wall specimen, whose numerical simulation

is for obvious reasons particularly challenging.

Applied load: 15 kN Applied load: 25 kN Applied load: 50 kN

Cy |: ] Cy ] ] Cy
¢ H Hll H C3 1 © ]
2] 3 ! ! ! o) B
41 C2 | N I Cy (; N I Cz Ca
5 6 T I T I
1 1 1

Figure 5.11: Experimental and numerical cracking patterns detected on the small-scale
masonry wall specimen and its 3D model, respectively.

5.4.2.2 Experimental and numerical strain outputs

Changes in strain computed from the outputs provided by the adopted physical sensors
are depicted in Fig. 5.12, together with those retrieved from the FE simulation. On the
whole, the reported trends indicate a satisfactory consistency among the obtained results.
The development of cracks cq, co, and c3 was clearly detected by smart brick 3 through a
marked variation in its compressive strain condition. Similarly, the formation of crack cy4
was revealed by smart brick 6, since embedded in its surrounding. The couples of RSGs
corresponding to smart bricks 3 and 6 detected the formation of cracks c¢1, co, and c3 in
a similar fashion, nevertheless changes in strain outputted by the traditional devices were

of lower magnitude compared to those shown by smart bricks. The development of cracks
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during the execution of the load history induced load paths redistributions internally to
the central part of the wall specimen that affected the strain state of the smart bricks 1, 4,
and 7. Indeed, these sensors outputted non-constant increasing compressive strain while
the load increased linearly. RSGs instrumenting that area were less affected by the load
paths redistributions that took place, as confirmed by their outputs which do not show
particular changes in their trends. The compression state that acted on smart bricks 2 and
5 decreased due to the onset of tensile stresses in the left part of the wall specimen during
the test. These were induced by the application of the compression load externally to the
centroid of the tested structural element. In this case, smart brick 2 and its corresponding
RSGs well revealed the decompression that occurred in that area by outputting changes in
strain of similar magnitude. Smart brick 5, unlike its corresponding couple of RSGs, shown
instead a marked reduction in its compressive strain condition only in correspondence of the
formation of crack cq. Although experimental and numerical trends similarly indicate the
portions of the tested structural element affected by strain concentrations or relaxations,
differences in the magnitude between experimental and numerical changes in strain were
detected. These can be reasonably associated with the delay in the onset of damaged
areas in the 3D model, compared to the cracks that early developed on the wall specimen
during the experiment. However, both the physical and numerical smart bricks embedded
in the central area of the wall specimen and the 3D model, respectively, pointed out the
occurrence of internal load paths redistributions in their surrounding, which were only

slight revealed by the RSGs adhered in that portion of the tested structural element.
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Figure 5.12: Changes in strain computed for smart bricks and RSGs instrumenting the

small-scale masonry wall specimen.
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5.4.2.3 Reconstruction of the strain field

The outputs from smart bricks and RSGs were post-processed by means of the OK in-
terpolator to reconstruct the strain field of the tested structural element at each step of
the applied load history with respect to the reference condition, i.e. the application of a
load equal to 5 kN. The obtained results are depicted in Fig. 5.13 and 5.14, which report
strain field maps from smart bricks and RSGs, respectively, computed by using the same
colormap to simplify the comparison between these different sensing technologies. The
reported maps clearly show where the compression load was applied and how its increase
modified the strain field of the wall specimen, from the first glance. Indeed, portions of the
wall specimen strained in compression are well identifiable in both the maps from smart
bricks and RSGs. It should be noted, however, that maps obtained from the novel sensors
outline a more detailed evolution of the changes in strain during the execution of the test.
Smart bricks, being embedded within the thickness of the masonry, were more sensitive
to the internal load paths redistributions that occurred within the wall specimen at each
increment of the applied load, while RSGs, externally attached to the bricks, were conceiv-
ably able to reveal only changes in strain of lower magnitude. Maps obtained by carrying
out the FE simulation, which are plotted in Fig. 5.15, show strain fields that are similar
to those reconstructed by using smart bricks, thus supporting the more homogeneous dis-
tribution of the strain within the wall specimen pointed out by the novel sensors. Along
these lines, also the assessment of the changes in strain in the middle cross-section of the
wall specimen, shown in Fig. 5.16, confirmed the greater strain sensitivity owned by the
smart bricks with respect to that of the RSGs. Indeed, the outputs from the novel sensors
and those from the 3D model are characterized by a good agreement between themselves,
while those from RSGs remark the modest strain-sensing capabilities shown by the tradi-
tional sensors in comparison with those exhibited by smart bricks. The scattered trend
visible in the strain profiles from the FE simulation in correspondence of the application of
high compression loads on the wall specimen is due to the non-linear mechanical behavior
characterizing the adopted 3D model that was therefore capable of taking into account the
development of damages, as well as of simulating the internal load paths redistributions.
On the contrary, being the strain profile of smart bricks and RSGs extracted from strain
field maps retrieved by carrying out a linear interpolation of the training data sets in the

computation domain, their changes in strain are not affected by a similar scattered trend.
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Load variation: 10-5 kN Load variation: 15-5 kN Load variation: 20-5 kN

Figure 5.13: Strain field maps retrieved through the post-processing of the outputs from the
smart bricks instrumenting the small-scale masonry wall specimen.
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Load variation: 10-5 kN Load variation: 15-5 kN Load variation: 20-5 kN

Figure 5.14: Strain field maps retrieved through the post-processing of the outputs from the
RSGs instrumenting the small-scale masonry wall specimen.
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Load range: 10-5 kN Load range: 15-5 kN Load range: 20-5 kN
Load range: 25-5 kN Load range: 30-5 kN Load range: 35-5 kN
Load range: 40-5 kN Load range: 45-5 kN Load range: 50-5 kN

-5.3E-04 -6.1E-05 4.1E-04 8.7E-04 1.3E-03 1.8E-03 2.3E-03 2.7E-03 3.2E-03 3.7E-03

Figure 5.15: Numerical strain field maps obtained from the FE simulation carried out on
the 3D model of the small-scale masonry wall specimen.
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Figure 5.16: Trends of the changes in strain in the middle cross-section of the small-scale
masonry wall specimen retrieved from the strain field maps reconstructed by using the outputs
from smart bricks, RSGs and FE simulation.
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5.4.2.4 Damage detection and localization

Damage index maps obtained by post-processing the measurements from smart bricks and
RSGs according to the proposed damage detection and localization procedure are reported
in Fig. 5.17 and 5.18, respectively, by using a common colormap to keep simple the
comparison between the results. All the maps from smart bricks point out the occurrence
of high strain gradients on the right part of the wall specimen, which can be therefore
considered a critical area of the tested structural element that may be subjected to damage,
as the index was defined. On the whole, this is coherent to what happened to the wall
specimen during the experiment. The maximum value of the damage index was computed
in correspondence of the formation of cracks c¢; and co under the application of a load equal
to 15 kN. Indeed, the largest strain gradients reasonably occurred at this load step since ¢;
and co were the first cracks developed on the wall specimen. Following, the formation of
crack ¢4 produced a noticeable increase in the index value in its proximity. After that, the
development of crack cs in correspondence of the application of a load equal to 50 kN did
not produce noteworthy strain gradients since the right part of the tested structural element
was already severely damaged. Similarly, the opening of crack cs3, due to concentrations
of direct tensile stress, was undetectable in any plot, since its opening produced strain
gradients of lower magnitude in comparison to those that occurred in the right portion
of the wall specimen strongly strained in compression. Therefore, after the load step
corresponding to the application of 25 kN, the damage index slightly increased its value in
the area surrounding the damaged part of the wall specimen as the applied compression
load increased. Overall, damage index maps obtained from smart bricks satisfactorily allow
the detection and localization of the cracking pattern developed on the tested structural
element. On the contrary, maps retrieved by means of the post-processing of the outputs
from RSGs are not equally effective for the identification of the occurred damages. This is
due to the modest sensitivity shown by the RSGs to the changes in strain induced by the
load paths redistributions that took place throughout the wall specimen by increasing the

applied compression load.
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Figure 5.17: Damage index maps retrieved through the post-processing of the outputs from
the smart bricks instrumenting the small-scale masonry wall specimen.
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Figure 5.18: Damage index maps retrieved through the post-processing of the outputs from
the RSGs instrumenting the small-scale masonry wall specimen.
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5.4.3 Use of smart bricks deployed within a coarse sensor network

An URM building specimen, monitored by smart bricks deployed within a coarse sensor
network, was subjected to shaking table tests by progressively increasing the seismic in-
tensity of the shakes to induce growing damages to the structure. Results obtained in this

case study are reported as follows.

5.4.3.1 Experimental and numerical cracking patterns

Developed cracking patterns, visually detected at the end of the ground motions, E1, 2,
and E3, are depicted in Fig. 5.19. As expected, the performed white-noise inputs did not
produce any visible damage on the building specimen, which maintained its sound state
even after the execution of E1 earthquake (Fig. 5.19(a)). E2 earthquake induced the de-
velopment of slight cracking patterns in fagade 1 and 2, while cracks of similar severity, but
less widespread, were also formed in facade 3 and 4. In both cases, damages were mainly
located in the proximity of the openings of the corners, such as cracks C2, C3, and C7, or in
the vicinity of the edges of the building, such as cracks C1, C4, C5, and C6 (Fig. 5.19(b)).
The execution of E3 earthquake contributed to increase the existing cracking patterns by
also producing the formation of new and extensive damages in facade 4 (Fig. 5.19(c)). It
should be noted, however, that the tested mock-up was structurally sound and far from the
collapse condition after the completion of the seismic sequence. Indeed, although damages
affected diffuse areas of the construction, their severity was such that the integrity of the
load-bearing structure was not compromised, as also demonstrated by the execution of
the last white-noise input, WN4, which did not produce any modifications in the already
formed cracking pattern. The performed shaking table test was numerically reproduced
by defining a macromechanical 3D model of the URM building specimen. Damages that
occurred to the mechanical model were detected through the assessment of the parameter
dy. The cracking patterns obtained by running the numerical simulation are illustrated in
Fig. 5.20. Overall, they reasonably match the experimental cracking patterns reported in
Fig. 5.19, even if some differences, in terms of crack initiation and propagation, can be
detected. These were conceivably expected since considered unavoidable consequences of
the macromechanical modeling approach adopted for the definition of the 3D model. Fig.
5.20(a) shows that no damage occurred to the model after the execution of the first seismic
input, E1 earthquake, while the simulation of E2 earthquake produced damage initiation
as shown in Fig. 5.20(b). It is worth noting that most of the damages developed at the

portions of the 3D model close to the corners of the openings and in the neighborhood of
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the edges of the facades, as also experimentally experienced. Nevertheless, the mechanical
model was also affected by diffuse damage developed in the vicinity of the concrete founda-
tion curb that was not experimentally detected on the building specimen. The simulation

of E3 earthquake induced the growth of the existing damaged areas of the model.
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Fig. 5.19: Cracking patterns visually detected on the URM building specimen after the
execution of the main shakes of the performed seismic sequence: (a) Cracks developed due to
E1 earthquake; (b) Cracks developed due to E2 earthquake; (c¢) Cracks developed due to E3
earthquake.
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Fig. 5.20: Damages occurred to the 3D model by simulating the shaking table tests: (a)
Damage produced by performing the records of E1 earthquake; (b) Damage produced by
performing the records of E2 earthquake; (c¢) Damage produced by performing the records of
E3 earthquake.
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5.4.3.2 Experimental and numerical strain outputs

Fig. 5.21 reports changes in strain computed for the smart bricks embedded within the
URM building specimen and for their corresponding solid elements forming the 3D model.
It should be noted that a negative change in strain means that a reduction in the compres-
sive strain occurred at the considered step of the performed seismic sequence with respect
to the reference condition, WN1. Overall, the reported results demonstrated a fairly good
match between the experimental and numerical trends, thus confirming the effectiveness of
smart bricks in revealing the load paths redistributions that occurred internally to the URM
building specimen due to the development of progressive damages. In particular, smart
bricks revealed marked changes in strain in correspondence of the formation of the major
cracking patterns visually detected after the execution of E2 and E3 earthquake. The per-
formed white-noise inputs induced only slight variations in the measurements outputted by
the novel sensors, indicating the occurrence of load paths redistributions of modest sever-
ity that are conceivably attributable to settlements due to pre-existing or newly formed
irregularities in the bond pattern of the masonry. Solid elements of the 3D model were
reasonably less influenced by such a phenomenon since settlements in the masonry are
difficult to be numerically reproduced with the adopted macromechanical approach. The
model was indeed affected by internal load paths redistributions only at the formation of
damages due to the strongest seismic inputs. Differences between the experimental and
numerical trends are observable in the plots regarding sensors 3, 4, 6, and 7, in which
smart bricks present clear opposing trends with respect to those of their corresponding
solid elements. These are likely due to a non-perfect match between the experimental and

numerical cracking patterns developed in the fagades where these sensors were inserted.
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Fig. 5.21: Changes in strain computed for the smart bricks instrumenting the first floor of
the URM building specimen and their corresponding solid elements within the 3D model. A
negative variation in strain denotes a reduction in the dead load acting on the sensor.
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5.4.3.3 Damage detection and localization

Changes in strain measured by smart bricks and their corresponding solid elements were
therefore employed to detect and locate earthquake-induced damages on the URM build-
ing. In particular, trends of the experimental and numerical global damage indexes are
represented in Fig. 5.22(a), with annotated the grade of severity of the damages visually
detected after performing each seismic input according to "the classification of damage of
masonry buildings" proposed in the European Macroseismic Scale 1998 (EMS98) (Griinthal
1998). Damages developed on the building specimen were rated with a maximum severity
comprises between grade 2 and 3 of the EMS98, since grade 3 identifies widespread cracks
of large extension and thickness, while cracks formed on the tested mock-up were of small
thickness and detectable through a careful visual inspection even after the execution of E3
earthquake. Such a classification, therefore, confirms that the tested mock-up was far from
its collapse condition after the completion of the performed seismic sequence, a circum-
stance that would correspond to the grade 5 of the EMS98. Reported trends of the damage
indexes are consistent with the obtained experimental and numerical cracking patterns, in-
dicating that damages progressively developed on the URM building specimen /3D model
as the intensity of the seismic inputs increased. Results, therefore, prove the effectiveness of
smart bricks for the global monitoring of the structural integrity of masonry constructions,
since the post-processing of their strain measurements, by means of a simple algorithm,
allowed the early detection of earthquake-induced damages on the tested mock-up. Ex-
perimental and numerical local damage indexes, computed for each facade and plotted in
Fig. 5.22(b), complete the assessment of the health state of the monitored structure by
adding further information concerning the localization of the damages. In particular, the
local damage indexes computed with the outputs from smart bricks point out that fagade
1 was the most damaged part of the building after performing E2 earthquake through a
marked increase in the value of the local damage index corresponding to this circumstance.
Similarly, the formation of a new cracking pattern in fagade 4 after the execution of E3
earthquake can be well revealed by observing the trend of the index computed from smart
bricks embedded in that area, which shows a noticeable increment at the step E3 of the
performed seismic sequence. Overall, trends of the experimental local damage indexes
denote that smart bricks effectively detected the load paths redistributions that occurred
within the facades at each seismic input. Their more than acceptable agreement with the
reported numerical trends highlights that smart bricks deployed within coarse sensor net-
works can be satisfactorily used to perform damage localization in masonry constructions

under seismic loading.
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Results achieved by computing the frequency decay in the numerical vibration frequencies
of the 3D model are collected in Table 5.10. Being the mechanical model not affected by any
damage, no variations in frequencies were computed in correspondence of E1 earthquake
and white-noise input WN2, whereas marked decays were obtained in correspondence of
E2 and E3 earthquakes, as expected. In particular, the first mode of vibration was the
most affected by the development of damages to the model, since it was characterized
by the largest decay in frequency among the other considered modes of vibration. Data
collected in Table 5.10 were used to compute the global damage index of the frequency
decay in numerical vibration frequencies, whose trend is reported in Fig. 5.23 together
with the normalized global damage indexes from smart bricks and their corresponding
solid elements. Overall, the comparison shows a good agreement among the results, which
unanimously point out that the major damages occurred after the execution of E2 and
E3 earthquakes. A broader assessment of the results achieved in terms of damage de-
tection exploiting changes in strain obtained from smart bricks and decays in numerical
vibration frequencies computed from the outputs of the 3D model, which would exemplify
the vibration-based monitoring of the URM building specimen, highlights that the smart
brick technology is a promising alternative not only to the traditional strain-based mon-
itoring techniques but also to those based on the monitoring of modal features since its
employment permitted a clear identification of the damages occurred to the tested mock-up
by means of the use of affordable and fully integrable smart sensors along with a simple

algorithm for the post-processing of strain measurements.
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Fig. 5.22: Experimental and numerical damage indexes computed with data acquired from
the smart bricks instrumenting the first floor of the URM building specimen and their corre-
sponding solid elements within the 3D model: (a) Trends of global damage indexes. Damages
occurred on the URM building specimen were classified according to the European Macroseis-
mic Scale (EMS98, (Griinthal 1998)); (b) Trends of local damage indexes computed for each
facade of the tested specimen.
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Table 5.10: Results of the decay in the numerical vibration frequencies of the 3D model
computed at each step of the simulated seismic sequence with respect to the reference condition
WNI1.

Mode Variation Variation Variation Variation Variation
E1-WN1 [%] WN2-WNI1 [%] E2-WN1 [%] E3-WNI1 [%] WN4-WN1 [%)]
1 0.00 0.00 -0.97 -1.34 -1.35
2 0.00 0.00 -0.49 -1.15 -1.15
3 0.00 0.00 -0.58 -1.02 -1.02
4 0.00 0.00 -0.18 -0.34 -0.34
5 0.00 0.00 -0.11 -0.20 -0.20
6 0.00 0.00 -0.36 -0.79 -0.79
7 0.00 0.00 -0.61 -0.91 -0.92
8 0.00 0.00 -0.19 -0.31 -0.31
9 0.00 0.00 -0.26 -0.62 -0.62
10 0.00 0.00 -0.34 -0.60 -0.60
11 0.00 0.00 -0.42 -0.66 -0.66
12 0.00 0.00 -0.21 -0.38 -0.38
13 0.00 0.00 -0.50 -1.18 -1.18
14 0.00 0.00 -0.53 -1.04 -1.04
15 0.00 0.00 -0.30 -0.61 -0.62
16 0.00 0.00 -0.33 -0.61 -0.61
17 0.00 0.00 -0.60 -1.25 -1.25
18 0.00 0.00 -0.24 -0.40 -0.40
19 0.00 0.00 -0.39 -0.86 -0.86
20 0.00 0.00 -0.60 -1.03 -1.04

e-e-e Smart bricks
saa FEM
+o-o Frequency decay (FEM)

¥ * f
WN1 E1 WN2 E2 E3 WN4

Seismic Input

Fig. 5.23: Comparison between the experimental and numerical global damage indexes based
on the assessment of strain measurements and the damage index computed by considering the
decay in the numerical vibration frequencies of the 3D model.
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5.5 Closing remarks

This chapter presented practical applications of the smart brick technology exemplifying
the monitoring of strain in masonry constructions with such innovative strain-sensing de-
vices, the smart bricks. In particular, the effectiveness of the novel sensors for the detection
and localization of earthquake-induced damages in masonry structural elements was inves-
tigated.

A preliminary test proving the use of the series resistors model for the post-processing of
the electrical outputs from smart bricks fully integrated within masonry structural settings
was carried out. A small-scale masonry wall specimen instrumented with smart bricks was
subjected to axial compression tests, hence the series resistors model was adopted to re-
trieve strain measurements from the embedded sensors. These were coherent with the
simulated load case, highlighting the portion of the wall specimen where the load was ap-
plied as the most strained in compression. Moreover, changes in the trend of the strain
measurements detected in correspondence of the development of cracks on the wall speci-
men demonstrated the effectiveness of smart bricks in revealing load paths redistributions
when embedded within masonry structural elements. This key feature was exploited in
the further case studies presented in this work for monitoring the development of damages
on masonry structural elements through the post-processing of the strain measurements
from smart bricks. In particular, two main strategies were proposed to exploit the outputs
from the novel sensors for damage detection and localization purposes depending on the
positioning of the sensors within the load-bearing structures.

An eccentric axial compression test performed on a small-scale masonry wall specimen
demonstrated the use of the novel sensors for strain field reconstruction when deployed
within magonry structural elements by forming dense sensor networks. Indeed, such a
sensor array configuration permits the use of a suitable spatial interpolation method to
post-process the outputs from the network, enabling a reliable reconstruction of the entire
strain field in the monitored structural element. In this case, the spatially interpolated
strain measurements from smart bricks were also employed to perform an effective identifi-
cation of the damages that occurred to the tested structural element due to the increase in
the applied compression load. The results from the novel sensors were also benchmarked
against those obtained from RSGs, adhered to the embedded smart bricks, since these are
probably the most common traditional strain-sensing devices used in practical applica-
tions for monitoring strain in masonry constructions. The obtained results demonstrated

that smart bricks greatly outperform RSGs in damage detection and localization being the
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novel sensors directly embedded within the masonry, and therefore more sensitive to the
modifications that occurred in the load paths within the tested structural element. The
outputs from smart bricks were also interpreted with those extracted from a 3D model
discretized according to the FE method to numerically reproduce the experiment. The ob-
tained numerical results satisfactorily supported the experimental measurements provided
by the embedded smart bricks.

The use of smart bricks deployed in coarse sensor networks was instead demonstrated by
subjecting an URM building specimen, instrumented with the novel sensors, to shaking
table tests. In this case, ground motions of increasing seismic intensity were performed
to produce progressive damages to the structure. Since this time the positioning of smart
bricks did not allow the spatial interpolation of their outputs, the strain measurements from
the novel sensors were assessed by seeking changes in their trend with respect to a refer-
ence condition at witch the tested mock-up was considered in a sound state. The obtained
experimental trends of changes in strain from the embedded smart bricks were compared
with those retrieved from a 3D model simulating the experiment. Overall, smart bricks
allowed the early detection and localization of the damages that occurred to the build-
ing specimen, thus confirming the effectiveness of these innovative piezoresistive brick-like

sensors for the post-earthquake assessment of masonry constructions.
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Conclusions

This Thesis work addressed the development of the smart bricks that are nano- or micro-
composite clay bricks able to work as smart strain sensors for masonry structures. The
work included the design and the preparation of the novel sensors until reaching their ap-
plication on masonry elements and structures for damage detection and post-earthquake
assessment.

Smart bricks are designed by leveraging the concept of smart materials, hence by doping
the clay, commonly used in the production process of the conventional bricks, with an elec-
trically conductive filler specifically selected to obtain a composite material with improved
electrical properties and enhanced piezoresistive capabilities. Accordingly, a modification
in the strain condition of a doped brick results in a measurable change in its internal
electrical resistance (e.g., an increase in the compressive strain state of a smart brick due
to the application of a compression load on the sensor induces a decrease in its electrical
resistance). This electromechanical behavior allows the monitoring of the strain field in
masonry structural elements equipped with such novel sensors through the correlation of
the changes in the strain state and the variations in the electrical outputs of the smart
bricks.

The main contribution of this work is therefore the development of smart sensors suitable to
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achieve a feasible and effective monitoring of the structural response of masonry construc-
tions during their service life, overcoming the issues related to the application of traditional
sensing technologies, and allowing the large scale and distributed employment of innovative
smart seismic SHM systems to either new or existing masonry structures. Considering the
well-known vulnerability, including fragile collapse mechanisms, under earthquake load-
ing demonstrated by ancient masonry constructions during the last decades, the smart
bricks represent an effective tool for the real-time monitoring of masonry constructions,

the protection of human lives, and the preservation of the integrity of the cultural heritage.

Chapter 2 reported a review of the state-of-the-art concerning the use of strain measure-
ments for monitoring masonry constructions. Pros and cons of traditional SHM approaches
based on the assessment of the changes in strain were discussed. Such techniques, in par-
ticular, outperform SHM approaches involving the evaluation of global parameters, like the
modal features, for the tracking of damages locally developing in masonry constructions.
Monitoring strategies employing piezoresistive strain sensors were presented as an alterna-
tive solution to the traditional strain-based SHM techniques. This innovative concept of
self-sensing materials was first employed for the production of smart sensors for SHM of
concrete constructions, then extended to masonry structures in more recent times. Despite
the promising results reached in this field, the development of smart sensing solutions for

SHM of masonry constructions is still in its infancy.

Chapter 3 presented a literature review on the modeling strategies for masonry construc-
tions, handling the classification on the basis of the scale at which the masonry is analyzed.
Modeling techniques were therefore classified by identifying two main categories: microme-
chanical and macromechanical approaches. While the first approaches discretize bricks,
mortar layers, and their interaction according to the corresponding mechanical proper-
ties, macromechanical approaches smear out the masonry components in an equivalent
continuum characterized by homogenized mechanical parameters. Pros and cons of both
alternatives were critically reported. Nevertheless, the choice of a strategy rather than
another often depends, as in the case of this work, on the geometrical size of the masonry
construction being modeled. Micromechanical approaches are therefore employed for the
modeling of masonry structural elements with a high level of accuracy, while macrome-
chanical strategies are chosen when dealing with large structures for which approximations
in the models are often necessary to ensure an adequate computational efficiency. De-
tails concerning the computational tools and FE analysis adopted in this work to build,

discretize, and analyze the mechanical models were also reported, thus supporting the com-
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putational strategies adopted in Chapter 5, in which the models developed for this work
were described and employed to interpret the obtained experimental results. In particular,
the plastic-damage model considered in this work to numerically simulate the nonlinear
mechanical behavior of the masonry in both tension and compression was fully introduced.
It should be noted that among the peculiarities of this constitutive model there is the
possibility to reproduce the development of damages in the material being simulated by

means of the progressive degradation of its elastic stiffness.

Chapter 4 dealt with the development of a new formulation of the smart bricks, presenting
the production process of these novel sensors, the electromechanical model describing their
strain-sensing behavior, and a campaign of laboratory tests aimed at achieving a com-
prehensive characterization of their electrical, electromechanical, physical, and mechanical
properties. An investigation on the environmental effects on the electrical outputs of the
novel sensors was also addressed, with a specific focus on the issue of temperature and
humidity effects compensation. Considering the state-of-the-art of the smart brick tech-
nology reviewed in Chapter 2, the following novelties were introduced through this chapter

in this promising approach for seismic SHM of masonry constructions:

e Stainless steel microfibers were selected as conductive filler for producing smart
bricks;

e External copper plate electrodes were proposed to perform electrical measurements

from smart bricks for strain-sensing purposes;

e Resin stripes electrodes were designed to measure the internal electrical properties

of the smart bricks without contact resistance;

¢ A novel electromechanical model, called series resistors model, linking the sensing due
to the piezoresistive capabilities of the smart bricks and the sensing at the contact
resistance developed at the copper plate electrodes, was proposed to properly describe

the strain-sensing behavior of the novel sensors.

The main results achieved in the investigations carried out for the characterization of the
proposed new formulation of the smart bricks are listed below.

Concerning the electrical tests:

e The addition of steel fibers to the clay matrices enhances the electrical properties of

the smart bricks with respect to those of bricks made with plain clay;

125



Chapter 6 Conclusions

e The percolative behavior of the smart bricks is characterized by two percolation
thresholds: the first due to the dispersion of the steel fibers within the clay, the
second due to the conductive paths further developed between the metallic inclusions,

intrinsically present in the clay, and the dispersed steel fibers;

e The external copper plate electrodes are more suitable for conducting electrical mea-
surements with this new formulation of smart bricks compared to the previously

adopted internal stainless steel electrodes.
Concerning the electromechanical tests:

e The addition of a content of steel fibers equal to 0.25% or 0.50%, with respect to the
weight of fresh clay, greatly improves the electromechanical properties of the smart

bricks compared to those of the bricks made with plain clay;

e The efficiency of the proposed series resistors model in describing the strain-sensing
behavior of the smart bricks under increasing compression loads was proved. Ex-
periments also demonstrated that the addition of steel fibers to the clay matrices
enhances the sensing due to the piezoresistivity of the material, as well as that at-

tributable to the contact resistance, compared to bricks made with plain clay;

e The effectiveness of smart bricks in measuring strain was demonstrated by bench-
marking their outputs versus those from traditional resistive strain gauges (RSGs).
From this comparison, smart bricks appear more suitable than RSGs for SHM of
masonry constructions since capable of better describing the nonlinear response of

the bricks under compression;

e Both formulations of smart bricks made with a content of steel fibers equal to 0.25%
and 0.50%, possessing similar sensing capabilities, can be employed for monitoring
strain in masonry constructions. For particular applications in which high strain-
sensing capabilities are required, smart bricks made of 0.50% of steel fibers can be
preferred. In other cases, smart bricks made with a content of steel fibers of 0.25%
fit well.

Concerning CT scan, compression, and three-point bending tests:

e Smart bricks made with a content of steel fibers equal to 0.25% or 0.50%, with
respect to the weight of fresh clay, possess an internal macroporous structure, with

dispersed metallic inclusions, which is similar to that of the conventional clay bricks.
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Experiments also proved that a more uniform dispersion of the steel fibers within
the clay matrices can be achieved by increasing the content of filler used for the

production of the novel sensors;

e Smart bricks made with a content of steel fibers equal to 0.25% or 0.50%, with respect
to the weight of fresh clay, possess an elastic modulus and compressive strength that

are comparable to those of the conventional clay bricks;

e Smart bricks made with a content of steel fibers equal to 0.25% or 0.50%, with respect
to the weight of fresh clay, possess a fracture energy that is comparable to those of

the conventional clay bricks.
Concerning environmental effects on the electrical outputs:

e A marked negative correlation was found between changes in temperature and changes
in electrical resistance of the smart bricks, whereby an increase in the temperature

determines a decrease in the total electrical resistance of the novel sensors;

e Daily changes in relative humidity do not significantly affect the electrical measure-
ments acquired from the smart bricks. This is valid as long as a change in humidity
remains stable for a period less than the time required by water particles to infiltrate

within the internal macroporous structure of the bricks;

e Conventional clay bricks and smart bricks react in a similar way to the changes in

temperature and humidity;

e Effects of the daily changes in temperature can be compensated from the total elec-

trical resistance of the smart bricks by using a linear regressive model.

Chapter 5 presented some meaningful experimental applications of the smart brick tech-
nology investigating its effectiveness for monitoring strain in masonry structural elements
or entire buildings, as well as for the detection and localization of damages due to earth-
quake loading. Considering the state-of-the-art of the smart brick technology reviewed in
Chapter 2, the novelties introduced through this chapter in this promising approach for
seismic SHM of masonry constructions are mainly focused on the methodologies adopted
for the post-processing of the strain measurements from the novel sensors according to

their deployment in the structure being monitored. Along these lines:
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¢ A methodology of data post-processing was proposed considering smart bricks de-
ployed in a dense sensor network. Here, the spatial interpolation of the strain mea-
surements from the novel sensors allows the strain field reconstruction, as well as the

detection and localization of damages;

e A methodology of data post-processing was proposed considering smart bricks de-
ployed in a coarse sensor network. In this case, strain measurements from smart
bricks are benchmarked against baseline data referring to an initial condition of the
structure being monitored allowing strain monitoring along with the detection and

localization of damages.
The main results achieved in the case studies reported in this chapter are listed below:

e The effectiveness of the series resistors model in retrieving strain measurements
through the post-processing of the electrical outputs from smart bricks embedded

within a typical structural setting was proved;

e Smart bricks deployed in a dense sensor network allowed the strain field reconstruc-
tion in a masonry wall specimen eccentrically loaded in compression in its plane, as
well as the detection and localization of damages developed on the tested structural
element by increasing the applied load. The comparison between the results obtained
from smart bricks and those from traditional RSGs, applied in correspondence of the
novel sensors embedded in the wall specimen, demonstrated the smart bricks outper-
form RSGs for strain field reconstruction and damage detection and localization in
masonry structures. Results from smart bricks were also in a good agreement with

those obtained from a mechanical model built to numerically simulate the test;

e Smart bricks deployed in a coarse sensor network allowed the detection and local-
ization of earthquake-induced damages developed on an URM building specimen
subjected to shaking table tests of increasing seismic intensity. In particular, the
obtained results permitted to achieve a satisfactory comprehension of the major
cracking patterns developed on the tested mock-up, as well as the identification of
the portions of the building most affected by damages. A good agreement was found
by benchmarking the experimental results from smart bricks against those obtained

from a mechanical model built to numerically simulate the test.

According to this, it is worth remarking the main aspects for which the use of the smart
bricks should be preferred to the use of strain-sensing devices currently available on the

market for seismic SHM of masonry constructions:
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e Smart bricks are made of a composite material possessing physical and mechanical
properties similar to those of the conventional clay bricks. This results in sensors
durable in time and capable of providing strain measurements truly representative

of the mechanical response of a brick strained in compression;

e Smart bricks can be embedded within a load-bearing structure without altering its
structural response, including portions of a building not inspectable during its service
life. This allows the novel sensors to reveal changes in strain even of small magnitude,
as well as overcoming sensor deployment issues due to aesthetic and architectural

limitations characterizing historical masonry constructions;

e Strain measurements from smart bricks can be post-processed through fairly simple
algorithms, which at the same time are very effective for the assessment of critical
conditions that may occur to a masonry construction. The novel sensors can therefore
aid the detection and localization of portions of a building interested by high strain
concentrations/relaxations, as well as those affected by the development of damages.
As proven, smart bricks are effective for the identification of earthquake-induced
damages at a very early stage, however, their use can be extended for the monitoring
of constructions under differential foundation settlements, aging of materials, and

the other typical structural pathologies affecting masonry buildings.

Insights for further studies aimed at the improvement of the smart brick technology can

be also derived from this research work. Some of the most relevant ones are listed below:

e The employment of industrial instrumentation and quality checks in the production
process of the smart bricks should be considered and assessed with the aim of im-
proving the repeatability of the electromechanical properties of the novel sensors.

Alternative dispersion methodologies can be also investigated;

e The bonding between smart bricks and the neighboring masonry components should
be mechanically characterized to evaluate the influence of the insulating polymeric
tape, currently adopted for limiting the propagation of the current flow within each

sensor, in the mechanical response of the masonry;

e A methodology for the replacement of brick units with smart bricks in existing ma-
sonry structures has not yet been proposed. The operation of the novel sensors after

the post-construction insertion should be experimentally demonstrated;
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¢ Other input-output regression models, as well as input-only models, can be explored
for compensating the environmental effects from the total electrical resistance of the

smart bricks;

e The validation of the proposed damage detection and localization methods should be
also carried out by considering applications of the smart brick technology to full-scale

masonry building specimens subjected to controlled damages of non-seismic nature;

e A specific electronic hardware should be developed to perform electrical measure-
ments from smart bricks, thus proposing even less invasive SHM systems for masonry

structures, in particular for the ancient ones.

Overall, the Ph.D. thesis demonstrated that the smart bricks developed in this work can be
considered an effective smart sensing solution for seismic SHM of masonry constructions

ready for achieving a higher Technology Readiness Level (TRL) and for field validations.
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