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ABSTRACT

NALON, Gustavo Henrique, D.Sc., Universidade Federal de Vigosa, February, 2024. Self-
sensing concrete blocks and mortar joints for health monitoring of structural masonry
before and after exposure to high temperatures. Advisor: José Carlos Lopes Ribeiro. Co-
advisors: Leonardo Gongalves Pedroti, Roberto Marcio da Silva and Eduardo Nery Duarte
de Aratjo.

Self-sensing cementitious materials are emerging technologies for stress/strain monitoring
and damage detection in structural members. This research presents the development and
validation of innovative technology for Structural Health Monitoring (SHM) of concrete
masonry: self-sensing concrete blocks and mortar joints containing carbon-black
nanoparticles (CBN). A factorial experiment was carried out to evaluate the effects of
lime/cement ratio and CBN dosage on the self-sensing, mechanical and microstructural
behavior of masonry mortars. Different approaches for producing self-sensing concrete units
were also investigated. The results indicated that epoxy-based structural adhesives provided
the best bonding performance between cementitious sensors and concrete substrates. In
addition, concrete units could be successfully cast around hardened cement-based sensors.
When an expansive agent was added to the self-sensing matrix, the fresh cementitious sensor
was successfully embedded into hardened concrete units. The effects of different types of
shrinkage-reducing admixtures and expansive agents on the drying shrinkage, self-sensing
properties, microstructure and strength of cementitious materials were also reported. Finally,
a validation study was carried out to investigate the mechanical and piezoresistive behavior
of self-sensing masonry units and joints applied to masonry prisms under uniaxial
compression. This study covered the use of different types of concrete units, mortar bedding
approaches, bonding arrangements, relative strengths of mortar and units, joint thicknesses,
and locations of self-sensing regions. The self-sensing units and joints were found to be
promising alternatives for stress and strain monitoring of structural masonry elements, before
and after high temperatures. The self-sensing masonry also demonstrated the ability for real-
time detection and quantification of damage due to exposure to elevated temperatures. The
electrical response of the self-sensing masonry also provided valuable insights into the
recovery of damage due to rehydration procedures. This research enabled the effective design

and application of smart units and joints in SHM systems of concrete masonry.

Keywords: Structural masonry; Structural Health Monitoring; self-sensing concrete unit;

self-sensing masonry joint; high temperatures.



RESUMO

NALON, Gustavo Henrique, D.Sc., Universidade Federal de Vicosa, fevereiro de 2024.
Blocos de concreto e juntas de argamassa autossensoras para monitoramento da
integridade da alvenaria estrutural antes e apds exposicao a elevadas temperaturas.
Orientador: José Carlos Lopes Ribeiro. Coorientadores: Leonardo Gongalves Pedroti,
Roberto Marcio da Silva e Eduardo Nery Duarte de Aratjo.

Materiais cimenticios autossensores sao tecnologias emergentes aplicadas no monitoramento
de tensoes/deformacdes e deteccdo de danos em elementos estruturais. Esta pesquisa
apresenta a criacdo e validacdo de novas tecnologias para Monitoramento da Integridade
Estrutural (SHM) da alvenaria estrutural: blocos de concreto e juntas autossensores contendo
nanoparticulas de carbon black (CBN). Um experimento fatorial foi realizado para avaliar
os efeitos da razdo cal/cimento e do teor de CBN no comportamento autossensor, mecanico
e microestrutural de argamassas de assentamento. Diferentes abordagens para produgdo de
unidades de concreto autossensoras também foram estudadas. Adesivos estruturais a base de
epoxi forneceram a melhor aderéncia entre sensores cimenticios e substratos de concreto.
Unidades de concreto puderam ser moldadas em torno de sensores cimenticios no estado
endurecido. Utilizando um aditivo expansor na matriz autossensora, também foi possivel
embutir o sensor cimenticio no estado fresco em unidades de concreto no estado endurecido.
Foram relatados os efeitos de aditivos redutores de retracdo e expansores na retragdo por
secagem, propriedades autossensoras, microestrutura e resisténcia de materiais cimenticios.
Finalmente, foi realizado um estudo de validag@o para investigar o comportamento mecanico
e piezoresistivo de unidades e juntas autossensoras incorporadas em prismas de alvenaria sob
compressao uniaxial, considerando-se diferentes tipos de unidades de concreto, padroes de
assentamento, arranjos de blocos, resisténcias relativas argamassa/blocos, espessuras de
juntas e posicOes das regides autossensoras. Observou-se que unidades e juntas autossensoras
sdo alternativas promissoras para monitorar tensdes e deformacdes em elementos de
alvenaria estrutural, antes e apds elevadas temperaturas. A alvenaria autossensora também
demonstrou a capacidade de deteccao e quantificacdo em tempo real de danos por exposi¢cao
a altas temperaturas, além de fornecer importantes informagdes sobre a recuperagdo de danos
devidos ao procedimento de reidratagdo. A presente pesquisa permitiu a efetiva produgdo e

aplicagdo de unidades e juntas autossensoras em sistemas de SHM de elementos de alvenaria.

Palavras-chave: Alvenaria estrutural; Monitoramento da Integridade Estrutural; unidade de

concreto autossensora; junta autossensora; temperatura elevada.
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1 GENERAL INTRODUCTION

1.1. INTRODUCTION

Improvements in the safety level, durability and preservation of the reliability of civil
structures are some important tasks of designers, contractors, maintenance teams and
operators of the construction industry. These professionals must deal with different natural
forces and human activities that can affect the integrity of civil structures, such as chemical
and biological attacks, humidity and temperature variations, soil vibration and movements,
wind erosion, fire disasters, overload due to inappropriate use and other deleterious effects
(Baloch et al., 2018; Mustapha et al., 2021; Shlyakhova et al., 2021). Therefore, Structural
Health Monitoring (SHM) systems have been proposed for continuous real-time monitoring
of operational status, assessment of mechanical behavior and damage detection in civil
structures during their service life (Dong and Catbas, 2021; Taheri, 2019; Wang et al., 2021).

In recent years, various types of sensing technologies have been rapidly developed for
SHM of new and existing masonry structures. In the case of heritage masonry, SHM
technologies can indirectly extend the service life of historical structural elements, predict
damage propagation associated with unforeseen events and detect external factors that can
accelerate masonry deterioration (Medeiros et al., 2020; Mishra, 2021; Scuro et al., 2021). In
the case of modern masonry structures, SHM of masonry elements is very important to
improve the expansion of ‘smart structures’ in urban areas, define the possibility of changing
the typical use of masonry buildings, identify vulnerability factors and improve the structural
safety on a large territorial scale (La Mendola et al., 2021; Medeiros et al., 2020).

Different equipment and techniques can be used to investigate the health status of
masonry, such as acoustic emission sensors for damage assessment in masonry walls (Figure
la), digital image correlation to obtain the field deformation on the masonry surface (Figure
1b), linear variable differential transformers to measure crack amplitude (Figure 1c), ceramic
and capacitive sensors embedded in masonry joints to measure compressive stresses (Figure
1d and Figure le), accelerometers to track the evolution of masonry’s vibration modal
properties (Figure 1f), infrared cameras to inspect structural integrity (Figure 1g) and flat-

jack tests to investigate the stress-strain behavior of masonry walls (Figure 1h). Although
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these conventional approaches can provide interesting insights on the management and
maintenance of masonry structures, they have many disadvantages that limit a large-scale
application, such as short service life, high cost, poor performance in aggressive
environments, limited sensitivity, low authenticity, implementation complexity, low
robustness and poor compatibility with civil structures (Das and Saha, 2018; Han et al., 2020;

Sarwary et al., 2019; Ubertini and D’ Alessandro, 2018).

Figure 1 - Different systems used for monitoring the structural masonry behavior.
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Source: (a) and (b) adapted from Vanniamparambil et al. (2014), as permitted under the Creative Commons
Attribution License Agreement; (c) and (f) adapted from Kita (2019), Copyright 2019, with permission from
Elsevier; (d) and (e) adapted from La Mendola et al. (2021), Copyright 2021, with permission from Elsevier;

(g) adapted from Khan et al. (2015), Copyright 2015, with permission from Wiley Company; (h) adapted

from Ferreira Junior (2020), as permitted under the Creative Commons Attribution License Agreement); (i)

adapted from Meoni et al. (2021), Copyright 2021, with permission from Elsevier.
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The development of self-sensing cementitious matrices with inherent intelligence and
their incorporation into SHM architectures are gathering increasing attention in the SHM
community. These smart cement-based materials exhibit natural sensitivity to external
stimuli and changes in their surrounding environment, in addition to noticeable robustness,
low cost, high gauge factor, durability and mechanical properties. Based on the
piezoresistivity phenomenon, these materials have a natural strain/stress-sensing ability, as
they exhibit changes in their electrical resistivity due to the application of mechanical
loading. Based on irreversible changes in electrical resistivity, they can also detect cracking
propagation in structural elements. Among the different types of admixtures used to construct
the composites’ conductive network, carbon-based nanomaterials are commonly used in self-
sensing cementitious materials (Dong et al., 2019). In the present work carbon black
nanoparticles (CBN) were used to construct the conductive network inside the mortars.

Figure 2 - (a) Fusion of carbon black nanoparticles (CBN) to form aggregates and agglomerates; and (b)
sketch of CBN consisting of concentrically arranged graphitic-like domains.

(@) e (b
‘ ﬁ'
Primary
CBN particle CBN
(10-300 nm) g(g)gjrggate CBN agglomerate
(®0-500nm) 1 160 m)

Source: (a) adapted from Kausar and Taherian (2019), Copyright 2019, with permission from Elsevier; and
(b) reproduced from Pawlyta et al. (2015), Copyright 2015, with permission from Elsevier.

In the last years, a novel class of self-sensing construction materials called smart bricks
(Figure 11) was found to be a cost-effective solution for SHM of masonry structures, as these
clay bricks are able to self-monitor deformations, load paths changes and development of
damages (Birgin et al., 2023; Downey et al., 2018; Garcia-Macias and Ubertini, 2019; Meoni,
D’Alessandro and Ubertini, 2021). Although solid concrete bricks and hollow concrete
blocks have been widely used in masonry structures, there is no previous investigation on the
application of self-sensing cementitious materials for SHM of concrete masonry.

A severe fire is a big threat to human life and structural safety. Catastrophic life losses
and substantial damage to structural elements associated with severe fires have stimulated

the development of diverse studies on the field of structural and fire safety assessment. To



avoid the demolition and rebuilding of fire-damaged structures, their repair and
refurbishment are interesting alternatives from a technical, ecological and economic point of
view. However, a careful and accurate assessment of the damage status of fire-damaged
elements is required to ensure a good structural safety level (Cho et al., 2017; Ha et al., 2016).

The recent progress on the understanding of electrical and self-sensing properties of
cementitious composites exposed to high temperatures provided important insights on the
development of smart structural elements that are able to (i) work as a fire alarm sensor, (i1)
provide a self-detection/quantification of damage due to fire exposure, or (iii) self-monitor
stresses and strains of structures after fire incidents (Demircilioglu et al., 2019; Dong et al.,
2020; Jang et al., 2022; Nalon et al., 2021).

Although significant progress has been made on the design, evaluation and
optimization of self-sensing pastes, mortars and concretes, there is no previous experimental
investigation of their potential application in the realm of SHM of concrete block masonry.
In response to the growing concern about the progressive degradation of masonry structures,
this thesis deals with the use of CBN for production of self-sensing concrete blocks and self-
sensing cement-lime mortars that can provide a cost-effective solution for SHM of concrete

masonry elements before and after fire hazards.

1.2. OBJECTIVES

1.2.1. General objective

The main goal of this thesis was the development and evaluation of concrete blocks
and mortar joints with the ability to self-monitor strain/stress and self-detect damage in

masonry prisms, before and after exposure to elevated temperatures.

1.2.2. Specific objectives

The specific objectives of this thesis are outlined below:

(1) determining the electrical and self-sensing behavior of cement-lime laying mortars
with different lime/cement ratios and various CBN contents;

(2) evaluation of various embedding approaches to produce self-sensing concrete units
and the effects of distinct types of interface agent types between concrete units and

self-sensing cementitious matrices;
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(3) analyses of the effects of shrinkage-reducing admixtures and expansive agents on
self-sensing properties and shrinkage control of cementitious materials;

(4) verification of the viability of using self-sensing concrete blocks and self-sensing
cement-lime mortars for strain/stress monitoring, damage detection and prediction
of masonry failure modes before exposure to high temperatures;

(5) numerical analyses of temperature distributions in masonry exposed to different
maximum temperature levels and subjected to distinct boundary conditions;

(6) verification of the viability of using self-sensing concrete blocks and self-sensing
cement-lime mortars for strain/stress monitoring, damage detection and prediction
of failure mechanisms of masonry prisms exposed to different high temperature

levels, before or after the application of a rehydration process.

1.3. JUSTIFICATION

Improvements in SHM systems applied to masonry structures are of fundamental
importance for safety of users. Solid clay bricks with self-sensing ability have been recently
proposed as cost-effective solutions for SHM of clay and earth masonry (Birgin et al., 2023;
D’Alessandro et al., 2018; Downey et al., 2018; Garcia-Macias and Ubertini, 2019; Meoni,
D’Alessandro and Ubertini, 2021; Meoni et al., 2019, 2020, 2021, 2022; Ubertini et al.,
2017). However, the design and testing of concrete blocks and cement-lime mortar joints
with self-sensing properties were not investigated in previous literature. One of the
motivations for the present thesis was the development of concrete masonry components with
intrinsic sensing abilities that solve some issues associated with the limited scalability of
SHM architectures traditionally used to monitor the mechanical behavior of concrete
masonry. The experimental campaign of this thesis is justified by the need for studies to
design concrete blocks and cement-lime mortars with self-sensing capability to monitor
strain/stresses of masonry within its linear-elastic regime. Another justification for this work
was the evaluation of the possible use of smart masonry components to identify changes in
load paths and detect incipient or critical damages, such as those associated with progressive
cracking of units or eventual pore-collapse of joints. It would allow a prognosis of damage
evolution that could culminate in some failure mode typically observed in masonry elements.

In the context of structural fire safety, this thesis is also justified by the need for new
technologies that can provide an accurate and cost-effective assessment of the residual

mechanical performance and damage status of fire-damaged masonry structures. Severe fires



cause more significant deterioration and decreases in strength and stiffness of concrete blocks
masonry, compared to other types of masonry elements (Bosnjak et al., 2020; Daware and
Naser, 2021). Despite this, sometimes the rehabilitation of concrete masonry can be an
interesting alternative in terms of technical, environmental and economic perspectives
(Aseem et al., 2019; Cho et al., 2017; Ha et al., 2016; Nalon et al., 2021). There is no previous
study that evaluated the piezoresistive behavior of self-sensing masonry structures after
exposure to high temperatures. The ability of these structures to self-detect damage due to
exposure to elevated temperatures has also not been reported in previous papers. Then,
another justification for developing this research is the analysis of the applicability of self-
sensing concrete blocks and mortar joints to monitor stress and strains of fire-damaged
masonry elements, as well as to verify their ability to self-detect the damage associated with
the exposure of the masonry to high temperatures. Moreover, the effects of post-fire
rehydration on the recovery of mechanical properties of masonry prisms exposed to high
temperatures is still unknown. Therefore, another motivation for the present research is the
characterization of mechanical and piezoresistive properties of masonry prisms subjected to
post-fire rehydration. Finally, the self-detection of damage recovery in masonry due to this

rehydration process is another contribution of this thesis.

1.4. THESIS STRUCTURE

This thesis is organized into ten chapters, strategically distributed across five parts,
ensuring a coherent and systematic presentation of the research content. Figure 3 shows a
flowchart that represents the different stages of this thesis. This flowchart serves as a
roadmap, offering a structured overview of the various stages comprising the content of the

present thesis. A brief description of the content of each part is provided below.

(1) Part I: Introduction and theoretical framework

Part I is composed of Chapters 1, 2 and 3. It offers an in-depth exploration of the
research's introductory aspects and provides the theoretical framework for the subsequent
parts. In Chapter 1, the context of this research is presented, based on an introduction about
SHM of masonry structures, self-sensing cementitious materials and fire safety assessment.

The objectives, motivations and the structure of this thesis are also described in this chapter.
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Figure 3 - Thesis structure flowchart.
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Chapter 2 presents a comprehensive literature review of the recent progress on the
compressive behavior of masonry prisms, in addition to the identification of future research
directions in this area. It includes a careful revision of the failure mechanisms and mechanical
properties of prisms constructed with conventional and innovative masonry components, the
mutual dependency of different factors that affect the compressive behavior of masonry
prisms, some model predictions of their mechanical performance and novel minor-
destructive and non-destructive tests applied to monitor strain/stress and damage status of
masonry prisms.

In Chapter 3, the current state-of-the-art on the effects of elevated temperatures on the
mechanical behavior of masonry prisms is revised. Residual strength, stiffness and failure
modes of fire-damaged masonry prisms produced with different types of units, mortars and/or
grout were presented. Then, this literature review is used to detect promising topics to be

addressed in future studies in this scientific field.

(2) Part II: Design and implementation studies of self-sensing masonry

components

Comprising Chapters 4, 5, and 6, Part II presents design and implementation studies
related to self-sensing masonry units and self-sensing mortar joints. This section describes
the conceptualization and implementation planning stages, evaluating different alternatives
to integrate sensing abilities into masonry components.

Chapter 4 1s devoted to the design of self-sensing cement-lime mortars for SHM of
masonry structures. It reports the first experimental investigation of the effects of different
lime/cement ratios and distinct CBN concentrations on electrical resistivity, self-sensing
properties, compressive strength and microstructure of masonry mortars.

Chapter 5 focus on evaluations of promising strategies to obtain self-sensing concrete
units. Different interface agent types for embedding self-sensing cementitious composites
into concrete units are evaluated, in terms of interface bond strength. In addition, advantages
and limitations of distinct installation approaches are analyzed, in terms of the mechanical
and piezoresistive response of the obtained self-sensing concrete units.

Chapter 6 presents an implementation study crucial for addressing shrinkage issues that
could arise during the practical application of self-sensing masonry components. This study

explores the viability of using a polypropylene glycol-based shrinkage-reducing admixture,
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a calcium oxide expansive agent, or a calcium sulphoaluminate expansive agent for shrinkage
control of self-sensing cementitious composites. These admixtures are promising alternatives
to solve shrinkage issues associated with the practical application of the cement-based
sensors in SHM of existing masonry elements. The effects of these different types of
admixtures on the electrical resistivity, self-sensing properties, compressive strength,

microstructure and shrinkage behavior of nanomodified mortars are evaluated.

(3) Part III: Validation study on self-sensing masonry elements at room

temperature

Part III primarily consists of Chapter 7 and systematically examines the mechanical
and self-sensing performance of masonry prisms containing the smart concrete units and
cement-lime mortar joints developed in Part II of the present thesis, before exposure to
elevated temperatures.

A validation study of the developed self-sensing components is presented in Chapter
7, taking into account the promising results and the limitations identified in Chapters 4, 5 and
6. The self-sensing performance of nanomodified units and mortar joints is investigated in
compression tests of masonry elements. In this validation, many different variables that affect
the prism compressive behavior revised in Chapter 2 are explored, such as the relative
strength between units and mortar, the type of masonry unit, the mortar bedding approach,

the bonding arrangement and the mortar joint thickness.

(4) Part IV: Validation study on self-sensing masonry elements exposed to high

temperatures

Part IV of this thesis is composed of Chapters 8 and 9. This part presents a
comprehensive exploration of the mechanical and self-sensing performance of masonry
prisms containing the smart concrete blocks and cement-lime mortar joints, after exposure to
elevated temperatures.

Thermal analyses are developed in Chapter 8 to assess the temperature distribution in
concrete masonry prisms exposed to different temperature levels and boundary conditions

during heating tests. Numerical simulations are carried out for examination of the influence
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of convection mechanisms inside the voids on the temperature homogenization in prisms
subjected to predefined test conditions.

Chapter 9 presents another validation study, considering the impact of elevated
temperatures on the mechanical and self-sensing performance of masonry prisms that
exhibited appropriate functionality in Part III. In this validation, different variables that affect
the prism residual compressive behavior revised in Chapter 3 are explored, such as the

maximum exposure temperature level and the application of post-fire rehydration.

(5) Part V: Conclusions and future directions

Part V is composed by Chapter 10 and presents the main conclusions obtained from
the studies developed in Parts I, II, III and IV. A comprehensive summary of key findings is
presented, highlighting implications, limitations and the overall significance of the present
research. Additionally, Part V lists recommendations for future research in the field of self-
sensing masonry technology. Potential directions for addressing existing limitations are
indicated, thereby serving as a bridge to guide future advancements in the development of

self-sensing construction materials for improved SHM of masonry structures.
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2 REVIEW OF RECENT PROGRESS ON THE
COMPRESSIVE BEHAVIOR OF MASONRY PRISMS

This chapter has been published as the following
paper: Nalon, G. H.; Ribeiro, J. C. L.; Pedroti, L. G.;
Silva, R. M.; Araiijo, E. N. D.; Santos, R. F.; Lima, G.
E. S. Review of recent progress on the compressive
behavior of masonry prisms. Construction and
Building  Materials 320 (2020) 1296181.
https://doi.org/10.1016/j.conbuildmat.2021.126181

Abstract: Masonry prisms have been widely used in research and quality control of masonry
structures, as they are simplified models that can represent the interaction between different
masonry components. Although much progress has been recently made on the compressive
behavior of masonry prisms, review papers on this topic were published many years ago.
Then, this work aimed to investigate the current state-of-the-art on this topic. The following
contributions derived from this review: identification and comparison of the compressive
behavior of prisms constructed with innovative materials created in recent years; detection
of topics for improvement of masonry design codes, associated with the mutual dependency
of many factors affecting the mechanical performance of prisms; discussions of prism case
scenarios often neglected in past literature; compilation of advances in model predictions of
prisms’ compressive behavior; emerging technologies for assessment of safety of masonry
elements is discussed based on minor-destructive tests (MDT) and non-destructive tests
(NDT) for strain monitoring and damage detection in masonry prisms. Future development

trends for studies on this topic were also presented.

Keywords: Masonry prisms; mechanical performance; failure mode; strain and damage

monitoring.

2.1. INTRODUCTION

Structural masonry has been widely used for construction of monumental,
administrative, and residential buildings due to different reasons, such as resource

availability, social constraints, cultural affinity, and economic viability (Parajuli et al., 2020;
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Parsekian et al., 2018; Ramalho and Corréa, 2003). The mechanical properties of masonry
have been investigated based on experimental tests of non-homogeneous, inelastic, and
orthotropic masonry-assemblages produced with a combination of units, mortar, grout,
and/or reinforcement (Lumantarna et al., 2014). Indeed, masonry design codes (ABNT,
2020a; ASA, 2018; CEN, 2005; CSA, 2014; MSIJC, 2016) state two main methods to
determine the mechanical properties of structural masonry: tabulated design values based on
unit, mortar, and grout designations; and experimental tests of masonry assemblages built
with site representative materials.

Experimental tests of complex masonry elements have practical limitations in terms of
cost, time, sample transportation, capacity and size of available testing machines, among
others (Sarhat and Sherwood, 2014). Then, the masonry prism has been proposed as a simple
assemblage of masonry components, usually 2—5 units in height. Experimental tests of prisms
are widely used in masonry research and practical quality control because prisms are
simplified models that are easy to construct and test, considering operational and economic
aspects. They can represent the actual masonry behavior, including effects of constituent
properties and quality of workmanship (Nalon et al., 2020; Parsekian et al., 2012; Thaickavil
and Thomas, 2018).

Compressive strength and elastic modulus of masonry prisms under compression have
been extensively studied because they are important design parameters, on which the
derivation of masonry mechanical properties are largely based (Drougkas et al., 2016).
Although much progress has been made on the compressive behavior of masonry prisms over
the recent years, comprehensive review papers on this topic were published many years ago
(Ganesan and Ramamurthy, 1992; Mohamad et al., 2007). Actually, recent review
manuscripts have mainly focused on experimental investigations on the shear and flexural
behavior of masonry walls (Ani¢ et al., 2020; Chang et al., 2020; El-Dakhakhni and Ashour,
2017), computational modeling techniques of masonry elements (Asteris et al., 2017; D’ Altri
et al., 2020; Shadlou et al., 2020), and masonry strengthening methods (Furtado et al., 2020;
Gupta and Singhal, 2020; Marques and Lourenco, 2019; Thamboo, 2020).

Given that many different findings concerning the compressive behavior of masonry
prisms have been published during the last years, the present work aimed to investigate the
current state-of-the-art on this subject, identify knowledge gaps, and provide
recommendations for future research on this topic. The main contributions of this research

include: (i) identification and comparison of compressive behavior of masonry prisms
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constructed with innovative materials developed over the last decades (e.g., eco-efficient
masonry components, high-strength concrete blocks, polymer adhesive mortars, pre-blended
mortars and grout, etc); (ii) detection of topics of special importance for improvement of
masonry design codes, associated with the mutual dependency of a large number of factors
affecting the structural performance of masonry prisms; (iii) discussions of test results of
prisms within case scenarios often neglected in past literature; (iv) compilation of advances
in model predictions of prisms compressive behavior; (v) emerging technologies consisting
of minor-destructive tests (MDT) and non-destructive tests (NDT) were discussed, based on
strain monitoring and damage detection in masonry prisms; (vi) comparisons between
mechanical properties predicted by formulations of current masonry design codes and
mechanical properties obtained in the revised literature; and (vii) identification of future
development trends for studies on the compressive behavior of masonry prisms.

This review was structured in different sections that deal with key pioneering studies
reporting relevant knowledge and modern advances on the compressive behavior of masonry
prisms. Section 2.1 presents a brief background information on this topic, in addition to the
objectives and contributions of this chapter. Section 2.2 presents a compilation of discussions
and illustrations of failure mechanisms observed in ungrouted and grouted prisms under
compression. Section 2.3 revises the compressive strength and modulus of elasticity of
masonry prisms produced with different innovative types of masonry components. The
mutual dependency of distinct factors affecting the strength and stiffness of masonry prisms
is also discussed in this section. The predictive ability of formulations and tables of current
masonry codes is also evaluated in this section, in the view of a large number of studies.
Section 2.4 discusses recent advances on models that represent the stress-strain relationship
of prisms subjected to compression. Modern technologies for characterization of prisms with
MDT and NDT are discussed in Section 2.5. Finally, conclusions and future development

trends for studies on this topic were prospected in Sections 2.6 and 2.7, respectively.

2.2. FAILURE MECHANISMS OF MASONRY PRISMS

The mechanical performance of prisms under compression is directly affected by
failure modes associated with the mechanical properties of their constituent materials. The
structural behavior of units, mortar and grout in a composite masonry element is significantly

different from that observed in stand-alone specimens subjected to uniaxial compression
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tests. The mechanical response of each individual component is a function of a triaxial
behavior resulted from the complex interaction between them. Thus, the failure mechanisms
of a masonry prism is a sequence of effects directly related to the relative strength of mortar,

units, and grout (Drougkas et al., 2019; Llorens et al., 2020; Mohamad et al., 2017, 2018).

2.2.1. Ungrouted prisms

Structural masonry is mainly constructed with stiffer units and relatively low-strength
mortar (Shi et al., 2021). In ungrouted prisms produced with units stiffer than mortars and
subjected to axial compression, the mortar joint tends to present a lateral expansion (A4pm)
higher than the tendency of lateral expansion of units (4x.), as indicated in Figure 1a. These
differential movements are restrained due to the mortar/unit adhesion, so that the actual
lateral expansion is an intermediate value (4;,) between the amounts that each component
tended to deform. Consequently, the mortars are subjected to vertical compressive stresses
(ov,m) and lateral compressive stresses (on,m) that mobilize their strength under multiaxial
confinement, while the units are subjected to vertical compressive stresses (oy,,) and lateral
tensile stresses (on,.) (Alvarenga et al., 2017a; Drougkas et al., 2019; Nalon et al., 2020), as

indicated in Figure 1a.

Figure 1 - States of stress in (a) prisms produced with units stiffer than the mortar under a compressive stress
oy and (b) prisms produced with units softer than the mortar under a compressive stress o.

a) Prism produced with units stiffer than the mortar ~ b) Prism produced with units softer than the mortar

14,
H Ay

Source: Author (2024).



In this situation, two different mechanisms have been elucidated by Mohamad et al.
(2017, 2018):

(i) When the compressive strength of the mortar in its confined state was higher than
the units' tensile strength, vertical cracking of units initiated at a net area compressive stress
around 60% of the net area compressive strength of the prism. Despite this, an almost linear
stress-strain relationship was observed before and after units’ cracking. The vertical tensile
splitting cracks in the units immediately propagated somewhat horizontally along the mortar
joint, as presented in Figure 2a. Then, a tensile splitting failure happened after crack
propagation across the multiple joints.

Figure 2 - Cracking development in masonry prism: (a) propagation of vertical tensile splitting cracks in the

units along the mortar joint, and (b) localized crushing of the mortar joint causing tensile stress concentration
and vertical cracks in the units.

Source: Adapted from Mohamad et al. (2017), Copyright 2017, with permission from Elsevier.

(i) When the compressive strength of mortar in the confined state was lower than the
tensile strength of the units, the prism failure started with mortar crushing and localized
spalling of mortar. A nonlinear stress-strain relationship initiated at a prism compressive
stress/strength ratio of approximately 40%, and an internal failure mechanism by mortar
crushing started at the onset of the masonry nonlinear behavior. The yellow arrow of Figure
2b shows that the localized mortar crushing produced tensile stress concentration and crack
in the units. Consequently, mortar crushing is eventually followed by tensile stress
concentration and development of vertical cracks in the units. In Figure 3, Mohamad et al.
(2017) represented the sequence of failure mechanisms verified in prisms produced with a
weak mortar. When the vertical compressive load on the prism increased, the mortar at the
upper interface of the joint experienced more lateral expansion than the mortar at the bottom
interface (interface 2 of Figure 3), due to its higher porosity. It caused higher tensile stresses

on the top block, so that vertical cracks eventually caused the total failure of the prism.
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Figure 3 - Sequence of failures mechanisms in prisms produced with weak mortar.
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Source: Adapted from Mohamad et al. (2017), Copyright 2017, with permission from Elsevier.

Mohamad et al. (2017) concluded that the mortar governed the failure mode of prisms.
Further research is recommended to develop strength prediction models that take into account
the nonlinear behavior of crushed mortar. Design codes must be adjusted in order to establish
a more appropriate way to account for the effects of low-strength mortars on the masonry
failure mechanism.

The necessity of using soft units due to availability limitations and the steady
improvements in cement properties justify the development of experimental investigations
on the use of mortars stiffer than units.

Figure 1b shows that in this case, 4, tends to be higher than 4j,,, so that the units are
under triaxial compression and the mortar is under vertical compression with lateral tension.
A brittle failure of the prisms is usually observed, based on the crushing of units at
compressive stresses close to the compressive strength of the units (Nalon et al., 2020; Ravula
and Subramaniam, 2017).

To better understand the failure mode of masonry prisms produced with units softer
than mortars and vice versa, the present review compiled the failure mechanisms observed
in ungrouted prisms produced with different ratios between mortar compressive strength (f,,)
and unit compressive strength (f5) as summarized in Table 1. The net area of the units was
used to calculate all values of compressive strength of units (f; ;). In face-shell bedded
prisms, the effective area consists of the area of the face shells only, as recommended in TMS
402/ACT 530/ASCE 5 (2016). In previous literature, mortar compressive strength has been

determined with either cubic or cylindrical specimens. To unify the experimental database,
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mortar strength values were always represented in terms of cubic mortar compressive
strength (fi,cuv), Since mortar cubes were the most used types of specimens (a cube/cylinder

strength ratio of 1.25 (Neville, 2011) was used to convert strength of mortar cylinders to

mortar cubes).

Table 1 - Failure mode of ungrouted prisms.

Authors Jmeub! Joner Failure mode
(%)
Zahra et al 14.9-25.0 Mortar crushing leading to block cracking.
(2021) ’ 20.2 - 34.0 Minor mortar crushing, block spalling and web splitting.
35.7-60.0 Block spalling and web splitting.
Padalu and Vertical splitting cracks caused face shell separation, cone and split break,
. 56.4 . . . .
Singh (2021) or semi-conical failure of prisms.
Nzi}ézr?Z%nZdl) 48.4 Face shell separation through the bed joints of masonry prisms.
Iirll.s?;(ggjaf t - Brick crushing, mortar crushing, and failure at the brick/mortar interface.
Darwish et al. Loss of bond between mortar and units (sometimes, cracks were observed
(2020) ) in the mortar joint), followed by crack propagation in the units.
In face-shell bedded prisms, failure mode varied between splitting and
. face shell separation, shear break, split and shear. In full-bedded prisms,
Mahamid et . . h
al. (2020) 13.3-99.9 fallure mod.es varied betw.een qonlcal break, cone and shear, cone and
split, tension break, semi conical break, shear break, and face shell
separation.
Abdel- . o .
Vertical cracks close to the unit's web when approaching the peak stress;
Rahman et al. 57.3 . . . .
(2020) formation of diagonal cracks along the face shells until the failure.
Localized mortar crushing started at 80% of the peak stress. Sometimes, it
26.2; 34.5 was followed by vertical cracking of the units due to stress concentration
Nalon et al. close to the regions where the crushed mortar was expelled.
(2020) 49 6: 54.4 At about 80% of the peak stress, vertical cracks were visible in the block's
T shells and webs. The cracking increased progressively up to the failure.
87.2;100.0  The prism failed in a brittle and explosive way by crushing of the block.
Thamboo 79.8 - 263.0 Vertical cracking initiated at the unit-mortar interface followed by cracks
(2020) ' ' in the masonry units parallel to the direction of compression loading.
Prisms with the highest joint thickness failed by mortar crushing under
344 lower compression levels. In the others, mortar crushing was prevented
Caldeira et al. and vertical cracks in blocks' shells and webs caused the failure.
(2020) 40.1 Mortar crushing was the failure mode observed in all prisms.
62.6; 68.1 Tensile splitting failure of the units happened before mortar crushing.
108.6 Prisms failed by blocks crushing in a brittle rupture mechanisms.
298 The authors only mentioned a ductile failure in prisms made of weak
Mohamad et ) mortar and hollow clay blocks with solid face shells.
al. (2020) 638 The authors only mentioned a brittle failure in prisms made of strong
) mortar and hollow clay blocks with solid face shells.
The first crack started at the unit near the steel loading plates at 40-50%
Yang et al. 249.1 - of the peak stress. It developed along the loading direction up to 85% of
(2019) 353.9 the peak stress. Then, the cracks from one surface of the specimen were
able to reach the other surface to conclude the failure.
TDh§$12221?;d 259 -121.9 Vertical cracks parallel to the loading direction were observed. Most of

(2019)

them initiated at the unit-mortar interfaces at 70-85% of the peak stress.




Sajanthan et
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When unit was stronger than mortar, tensile splitting failure was
observed. When unit was weaker than mortar, the unit failed by crushing

al. (2019) 13.5-149.7 ahead of the splitting failure. In most of the prisms, units were stronger
than mortar.
Face shell separation and conical splitting failure were identified in the
Kanchidurai et 106.8 masonry prisms. In specimens containing mortar joint reinforcement,
al. (2019) ’ crack propagation was lowered after crossing the mesh layer embedded
into the mortar joint.
Thaickavil and . . .
Thomas 203.6 - Failure was gov?rned by units, as the.y were the weaker constituents.
(2018) 778.5 Then, deformation and failure of units caused the failure of prisms.
The failure mechanism was mainly dependent on the mortars. After
Guo et al. . . C
(2018) - failure, cracks were observed }n q direction parallel to the load
application.
Martins et al. 543.743 Vertical cracks extended over the shells and webs of the units and the
(2018) ) ) prisms failed by transverse block splitting.
Fortes et al. 316 -42.0 The failure mode was a typical compression failure initiated by vertical
(2018) ) ) splitting cracks through both the web and face shells of specimens.
. 113.2; Compression failures initiated in the unit and propagated through the
Sathiparan et 2752 oint
al. (2018) ' — oIS —
57.5 Cracks initiated from mortar, and then propagated to the brick units.
Thin vertical cracks appeared near the specimen edges. Then, they
Segura et al. 10.6 became later apparent across the joints and propagated over the prisms.
(2018a) ' Vertical cracks also affected the central part of their faces after the peak
load.
Kazempour et
al. (2017) and 233 - 1533 Vertical cracks propagated along the webs and shells of the units of all
Kazempour ’ ) prisms.
(2014)
The prism failed when the lateral tensile stresses reached the tensile
35.5 strength of the blocks, so that vertical cracks appeared at the blocks'
Alvarenga et shells.
al. (2017b) Lateral compressive stresses occurred in the blocks, since the tendency of
72.3 lateral deformation of mortar was not so substantial. The prism presented
a very brittle failure, by crushing of the units.
An internal failure mechanism due to pore collapse of the mortar and
24.4; 40.0 internal mortar cracking was verified. Vertical cracks in the units were
Mohamad et eventually observed after mortar crushing.
al. 2017) Instantaneous failure after the development of tensile splitting cracks in
109.8 the units, which propagated somewhat horizontally along the lower

interface of the mortar joints.

Note: finer is the net area compressive strength of units, fi,cu 1S the compressive strength of mortar obtained

from cubic specimens.

Source: Author (2024).

Table 1 shows that tensile splitting failure modes have been observed in prisms

constructed with different types of units, when their tensile strength was lower than the

compressive strength of the mortar in its confined state. Zahra et al. (2021) compared the

development of vertical cracks in both solid and hollow concrete blocks. They observed that

prisms made with solid concrete bricks presented higher mechanical performance, which was

partially attributed to the improved bonding with mortar due to their larger contact area, in

comparison to that of hollow concrete blocks. In prisms made with hollow concrete blocks,
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Nalon et al. (2020) observed that the transverse block splitting failure started when the
compressive load reached about 80% of the ultimate capacity of the prisms and then
increased progressively up to the their rupture. Since the mortar was not extremely stiff
(fm,cublfv,ner ratio of 49.6 - 54.4%), a sudden failure by unit crushing could be avoided. A
typical failure by vertical splitting cracks through web and face shells of hollow concrete
blocks was also observed in the ungrouted prisms tested by Fortes et al. (2018) and
AbdelRahman and Galal (2020), as illustrated in Figure 4a.1. The development of vertical
cracking on the front and lateral faces of the specimens was also the failure mode observed
in solid clay brick prisms tested by Padalu and Singh (2021) (Figure 4a.2), Thamboo and
Dhanasekar (2019) (Figure 4a.3). Table 1 indicates that these prisms presented fi,cub/fp,net
ratios pretty close to those of hollow concrete block prisms tested by Nalon et al. (2020), so
that most of the vertical cracks also initiated at compressive stresses around 70-85% of the
compressive strength of the prisms. Vertical cracks in units were also observed in hollow
clay block prisms (Figure 4a.4) tested by Alvarenga et al. (2017b) and solid earth brick prisms
(Figure 4a.5) tested by Sajanthan et al. (2019), when the units were stronger than the mortar.
Moreover, Sajanthan et al. (2019) reported that when the block-mortar interface eventually
failed in shear due to loss of bond, the solid earth bricks also failed in tensile splitting.

The mortar bedding approach used in the construction of the prisms can affect their
failure mode. In the full bedding pattern, shell and web areas of the units are fully covered
with mortar. In the face-shell bedding pattern, mortar only covers the face shell areas of the
units. The face-shell bedding approach is commonly used in masonry construction to
facilitate easy and faster production and decrease the mortar consumption (Ganesan and
Ramamurthy, 1992). Zahra et al. (2021) investigated the effects of both bedding approaches
on the failure mechanisms of masonry prisms produced with mortar with compressive
strength in the confined state higher than the tensile strength of the units. They verified that
full bedded prisms failed by vertical parallel cracks developed on all sides of the prisms
(Figure 4b.1), due to the incompatibility between the deformation properties of units and
mortar. Web-splitting failure was observed in face-shell bedded prisms produced with face-
shell capping, due to deep-beam action effects at the unmortared webs (Figure 4b.2).

Details on the mutual influence of mortar joint thickness, mortar/unit strength ratio,
and type of mortar on the failure mechanisms of hollow concrete block prisms were
investigated by Caldeira et al. (2020). Although increases in the joint thickness decreased the

lateral confinement of the mortar and its compressive strength, the tensile strength of their



36

normal-strength concrete blocks was not high enough to avoid the transverse block splitting,
as indicated in Figure 4c.1 and Figure 4c.2. Consequently, variations in the value of the joint
thickness (5-20 mm) caused negligible effects on the mechanical performance of these
prisms, regardless of the type of mortar (job site mixed or preblended mortar).

Figure 4 - Ungrouted prisms whose failure mode was mainly due to block tensile splitting: (a) effects of
different types of units; (b) effects of mortar bedding approach; and (c) effects of type of mortar.

Prism of solid earth
bricks

Prism of hollow
clay blocks

2) | Prism of hollow Prism of sofid clay bricks
concrete blocks

a.5)

A
fm,cub/fb,net =
35.5%

fm,cub/fb,net = 134-93%

Prism with
preblended mortar

Face shell- Prism with job site
bedded prism mixed mortar

fm,cub/fb,netz 48.1 % fm,cub/fb,net: 48.1% fm,cub/fb,net= 62.6% fm,cub/fb,ner: 68.1%

Source: (a) Adapted from AbdelRahman and Galal (2020), Copyright 2020, with permission from Elsevier;
Padalu and Singh (2021), Copyright 2021, with permission from Elsevier; Thamboo and Dhanasekar (2019),
Copyright 2019, with permission from Elsevier; Alvarenga et al. (2017b), Copyright 2017, with permission
from Springer Nature Customer Service Centre GmbH; Sajanthan et al. (2019), as permitted under the
Creative Commons Attribution License Agreement; (b) Zahra et al. (2021), Copyright 2021, with permission
from Elsevier; and (c) Caldeira et al. (2020), Copyright 2020, with permission from Elsevier.

Hence, information reviewed in Table 1 indicates that tensile splitting failure of
masonry units has been the predominant failure mechanism in ungrouted prisms with
Jmcublfoner Tatios between 31.6% and 121.9%. Since this phenomenon is initiated by the
restrained deformation of the mortar in the bed joints, it follows that tensile splitting failure
can be delayed with the increase in the bonding between solid units and mortar joint due to

their larger contact area, in comparison to that of hollow masonry blocks. In contrast, changes
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in joint thickness are not expected to cause significant impact on the rupture of masonry
constructed with fi, cun/fo,ner ratio in this range. Also, it can be inferred that particular attention
must be paid to the use of the face-shell bedding approach, since deep-beam action effects
were found to anticipate the tensile splitting failure at the center of the unmortared webs of
the units.

The studies listed in Table 1 also mentioned mortar crushing as a failure mechanism of
masonry prisms, when the tensile strength of the units was higher than the compressive
strength of the confined mortar. Figure 5a shows the failure mode observed in prisms
produced with weak mortars and different types of units. Zahra et al. (2021) observed mortar
crushing along with block splitting failure in prisms constructed with solid concrete blocks
and normal-strength hollow concrete blocks (Figure 5a.2). The use of a low-strength mortar
caused crushing of mortar joint and eventual propagation of parallel cracks on the face shells
of the concrete units. However, cracking over the units was not as significant as that observed
in the concrete block prisms presented in Figure 4a.1, Figure 4a.2, Figure 4b.1, and Figure
4b.2. Caldeira et al. (2020) verified that mortar crushing is commonly observed in prisms
made with high-strength concrete blocks, since their tensile strength is very high. The authors
also observed cracks in the high-strength units due to stresses concentration close to regions
where the crushed mortar was expelled (Figure 5a.3). Although Segura et al. (2018b) tested
solid clay brick prisms with a very 1ow fu, cub/fo,ne: tatio (10.6%, as indicated in Table 1), they
did not report signs of mortar joint crushing. The failure mode was characterized by the
development of thin vertical cracks in the bricks, particularly close to the specimens’ edges.
These cracks became later apparent across the mortar joints and propagated over the whole
height of the prisms, so that the authors observed a remaining core with a sandglass shape
(Figure 5a.4). It was probably associated with the interference of shear stresses developed at
the ends of the specimens due to friction effects with the plates of the press (Bezerra et al.,
2016). Since the prisms tested by Segura et al. (2018b) (Figure 5a.4) presented lower values
of height-to-thickness ratio and length-to-thickness ratio than the prisms of Zahra et al.
(2021) (Figure 5a.1 and Figure 5a.2) and Caldeira et al. (2020) (Figure 5a.3), they exhibited
higher lateral confinement at their ends (Abasi et al., 2020) (refer to Section 2.3.2).

Zahra et al. (2021) also carried out a recent exploration of the influence of different
bedding approaches on the failure mode of prisms constructed with very weak mortars. The
authors observed that full and face-shell bedded prisms exhibited mortar crushing under

compression, sometimes accompanied by block splitting failure in the prism. Figure 5b.1 and



Figure 5b.2 show that web-shell splitting was not prominent in most of the prisms because
the weak mortar failed quite earlier than the units, and the webs and shells of the blocks did
not experience failure tensile strain levels. A comparison between Figure 4b and Figure 5b
indicates that the failure mode of full and face-shell bedded prisms changed from mortar
joints crushing to block splitting, as the magnitude of the fin, cus/fs,ne: ratio increased.

Figure 5 - Ungrouted prisms whose failure mode exhibited mortar crushing: (a) effects of different types of
units; (b) effects of bedding approach; and (c) effects of mortar thickness.
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concrete blocks
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Source: (a) Adapted from Zahra et al. (2021), Copyright 2021, with permission from Elsevier; Caldeira et al.
(2020), Copyright 2020, with permission from Elsevier; Segura et al. (2018a), Copyright 2018, with
permission from Elsevier); (b) Zahra et al. (2021), Copyright 2021, with permission from Elsevier; and (c)
Caldeira et al. (2020), Copyright 2020, with permission from Elsevier.

Results of Caldeira et al. (2020) indicated that the influence of the joint thickness on
the structural performance and failure mode of masonry prisms depends on the deformation
properties of blocks and mortars used to produce them. The effects of joint thickness were
more significant when the mortar strength was much lower than the blocks’ strength, since
mortar crushing was observed in this situation. Consequently, increases in the joint thickness
from 0.5 cm to 2 cm decreased the lateral confinement of the mortar and its strength.

Therefore, joint thickness variations could increase or decrease the probability of mortar
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crushing development, which specially impacts the structural performance of masonry
constructed with high-strength concrete blocks, which is discussed in Section 2.3.2.

Therefore, mortar joint crushing has been observed in ungrouted prisms with fi, cun/fp,net
ratios ranging from 13.5% to 40.1%. Localized mortar crushing is often followed by tensile
stress concentration and propagation of vertical cracks through the units, which highlights
the need for careful monitoring of the sequence of events that take place during the increase
in the compression load. It may be inferred that mortar crushing greatly affects the
compressive behavior of masonry prisms. For instance, the use of low-strength mortars was
able to change the expected failure mode of face-shell bedded prisms from web-splitting to
localized mortar crushing. In addition, strict control of workmanship quality is needed when
dealing with such low f, cun/fb,ner ratios in the construction site, since slight increases in joint
thickness can decrease the lateral confinement of the joints and anticipate the mortar crushing
phenomenon.

Table 1 also indicates that unit crushing has characterized the failure mechanism of
prisms constructed with different types of units softer than the mortar joint. For example,
Yang et al. (2019) observed that the first crack started at the units in solid concrete brick
prisms (Figure 6a.1) with very high fi, cun/fo,ner ratio (249.1- 353.9%, as indicated in Table 1).
Nalon et al. (2020) verified a sudden failure by crushing of units in hollow concrete block
prisms (Figure 6a.2) produced with strong mortars. Such brittle separation of the prisms’ face
shells should be avoided when designing masonry walls under compressive stresses.
Thamboo (2020) also reported that the mismatch tangential deformation at the unit-mortar
interfaces led to vertical cracks in the masonry units, so that the brick strength governed the
load bearing capacity of masonry prisms produced with strong mortar (Figure 6a.3). Finally,
crushing of units was also observed in hollow clay block prisms tested by Alvarenga et al.
(2017b). The authors observed that the very stiff mortar was not able to effectively
accommodate differential lateral movements between masonry components and could not
prevent a brittle failure by units crushing.

Thaickavil and Thomas (2018) investigated the effects of prism height and geometric
arrangement of units on the failure mode of prisms made with mortar stronger than units
(fn,cublfp,ner ratio of 203.6-778.5%, as indicated in Table 1). Figure 6b shows the crack pattern
observed in prisms with 2, 3, 4 and 6 courses, prepared with stack bond and staggered bond
(running bond), in a total of eight different configurations. The failure mode was controlled

by the bricks, since they were the weakest constituents of the prisms. Vertical cracks were
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formed at units at the middle of the prisms, due to explosive forces developed in the
components by Poisson’s effect. Inclined cracks were observed close to the ends of the
specimens, due to the resultant forces of the bursting force and the frictional force between
specimen and plates of the testing machine. According to previous literature (Berto, 2005;
Hendry, 1997), masonry prisms constructed with mortars with high stiffness usually exhibit
diagonal cracks associated with a phenomenon of shear failure that is commonly observed in
compression tests of brittle materials. Thaickavil and Thomas (2018) observed a higher
number of inclined cracks in prisms with lower height, as they presented a smaller region of
pure bursting force. In running bonded prisms, cracks extended to the vertical joints, due to
the debonding at the weak vertical unit-brick interfaces. In prisms with high number of
courses, cracks extended across the bed joint to the next course, since the bed joint mortar
and its interface were relatively stronger than the units.

Figure 6 - Failure mode of ungrouted prisms produced with mortar stronger than units: (a) effects of different
types of units; (b) effects of bonding pattern and number of courses; and (c) effects of type of mortar.
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Agreement; Nalon et al. (2020), Copyright 2020, with permission from Elsevier; Thamboo (2020), Copyright
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from Elsevier.
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The effects of joint thickness on the failure mechanisms of masonry prisms produced
with job site mixed mortar (Figure 6¢.1) and preblended mortar (Figure 6¢.2) stronger than
the units were recently investigated by Caldeira et al. (2020). In both cases, triaxial
compression tends to occur in the blocks’ region close to the mortar joints. However, block’s
lateral confinement did not change very much with the variation of joint thickness, as the
blocks’ height was always significantly higher than the mortar thickness. Consequently,
changes in the value of joint thickness from 5 mm to 20 mm did not cause significant impacts
in the failure mode and mechanical properties of prisms produced with strong mortars.

Therefore, sudden failure by crushing of units has been the predominant rupture
mechanism in ungrouted prisms with fu, cus/f,ner Tatios between 87.2% and 778.5%. Although
brittle failure mechanisms should be avoided in masonry structures, manual process is often
used for brick production in many countries around the world, so that geographical
limitations lead to the need for the use of units softer than the mortar. However, there is a
limited amount of studies dealing with these distinct case scenarios. Future studies are
strongly recommended to better understand the effects of the mismatch of the elastic
properties of masonry components. Further research should investigate alternatives to
increase the ductility of masonry elements made with such contrasting variations in unit and

mortar’s deformation characteristics.

2.2.2. Grouted prisms

The failure mode of grouted prisms has also been widely investigated in previous
literature, in terms of the interaction of units, mortar, and grout under multiaxial states of
stress. Earlier studies (Drysdale and Hamid, 1979; Hamid and Drysdale, 1979; Khalaf, 1996)
on compressed grouted prisms reported that when the units were stiffer than the grout,
significant lateral expansion of grout caused a premature tensile splitting failure of the
blocks’ shells. When a grout stiffer than the units was used, the grout cores remained intact
and were able to withstand additional loading, despite the failure of the blocks’ shells.
However, matching the deformation characteristics of grout and units was found to be more
efficient than increasing the grout strength. In this situation, grout and blocks tend to work
and fail together as a single entity, improving the mechanical performance of the masonry.

The failure mechanisms of grouted prisms under compression reported in recent studies
are summarized in Table 2. They investigated the effects of various combinations between

[, foner, and compressive strength of grout (f;) on the failure mode of grouted masonry
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elements. All studies of Table 2 used cylindrical specimens to determine the compressive

strength of grout (fg,cy).

Table 2 - Failure mode of grouted prisms.

fm,suh / f;g,cyl/
Authors Sonet Jonet Type of grout Failure mode
(%) (%)
Zahra et al. 304 7357 Conventional Web splitting and face shell spalling and
(2021) ) ) grout cracking.
Prepacked grout
573 563 (prisms subjected ~ Vertical cracks were verified in the face shells
' ) to drying before shortly before reaching the peak stress. The
grouting) authors also observed excessive crushing of
Conventional the grout cores and spalling of the face shell
grout (prisms (due to excessive lateral strains exerted by the
57.3 153.1 subjected to grout core on the masonry face shell) after the
drying before peak stress.
Abdel- grouting)
Rahman et Conventional Lateral tensile strains exerted by the isolated
al. (2020) grout cores on the masonry shell caused its
57.3 153.1 grout (covered .
with paper towel) pren.latur.e failure. Most of the grout cores
remained intact even after the prism failure.
Premature failure of face shells was not
Conventional verified up to peak stress. A conical shaped
573 153.1 grout (wetting of diagonal shear failure was verified. Vertical
' ' prisms before and diagonal cracks propagated after the peak
grouting) stress. Face shell spalling was not observed up
to the failure.
26.2 104.3 Lateral strains of the blocks were mostly
49.6 109.9 restrained by the adhesion in the mortar joint.
Cracks on the block's shells and webs initiated
872 1043 at the block/mortar interface, so that the prism
’ ’ behaved as strong grout cores with weak
shells.
. Cracks in units and mortar crushing
Nalon et Conventional configured a premature tensile splitting
al. (2020) grout . . . .
345 854 failure. Lateral tens1.le stresses in units resulted
from lateral expansion of grout were added to
those derived from the elastic mismatch
between units and mortar.
54.4 80.7 A noticeable rupture warning was not verified.
Grout and units failed almost together (the
100.0 018 system acted homogeneously).
Cracks initiated on the narrow side of the
prism and propagated gradually on their wide
Ouyang et 47.4- 58.4 - Conventional side. Obvious signs of outward bulging along
al. (2019) 5 0 3 1 0'5 3 grout the normal direction of the wide side
’ ’ ' appeared. At the final loading stage, the web
of the block became crushed due to its
interaction with the grout cores.
Conventional
grout and grout Shear failure was observed. Grout cores did
lz?n(szeg ?96; 312'27_ A]LZ '38 3_ with shrinkage-  not remain intact. Then, the components acted

compensating
admixture

somewhat homogeneously.




49.4 87.5
igg 1222 Cracks propagatgd through the bllocks' shells
541 1135 and webs, starting frorp the region of the
57’ 0 15 1' 9 block/mortar interface.
74.3 96.4
Martins et 54.5 80.9 Conventional Homogerlleity oi grout and unilt.sha}llowgd them
to work together as a monolithic resistant
al. (2018) 744 86.4 grout system and both failed together.
Lateral expansion of grout induced lateral
tensile stresses in the blocks' shell and webs.
64.6 63.0 These stresses were added to stresses resulted
’ ' from differential lateral strains in blocks and
mortar. Then, rupture occurred by blocks'
transverse splitting.
Fortes et 31.6- 539 . Conventional Typical compression failure initiated by
al. (2018) 42'. 0 7 4 3 grout vertical splitting cracks through both the web

and face shells of the specimens.

Note: fpne: is the net area compressive strength of units, f, cu» 1S the compressive strength of mortar obtained
from cubic specimens, f; .y is the compressive strength of grout obtained from cylindrical specimens.

Source: Authors (2024).

Figure 7 shows some images representing the failure mode of the grouted prisms
reported in these studies. Recent studies have been developed to provide a better
understanding of the influence of the mechanical properties of grout, mortar, and blocks on
the failure mechanisms of grouted masonry. When Martins et al. (2018) produced hollow
concrete block prisms (Figure 7a.1) with strong grout (fg cyi/fs,nesratio from 87.5% to 184.6%),
blocks and mortar tended to expand laterally more than the grout. Therefore, the lateral
stresses developed on blocks and mortar mainly depended on their own deformation
properties. Since Martins et al. (2018) used a mortar softer than the blocks (fin,cun/fo,ner ratio
from 49.2% and 74.3%), visual vertical cracks were observed in the blocks’ shells and webs,
starting from the region of the block-mortar interface. Nalon et al. (2020) complemented this
investigation with an exploration of grouted prisms with similar values of f; ey /fb,ner ratio
(104.3-109.9%), but lower and higher values of  fiu, cun/foner Tatio (26.2% and 87.2%,
respectively), as indicated in Table 2. Regardless of the mortar strength, the authors obtained
prisms with very similar mechanical performance and failure mode, characterized by cracks
on the block’s shells and webs close to the block-mortar interface. Then, the use of weaker
or stronger mortars did not cause significant effects on the failure mode of grouted prisms.
In these different block-mortar combinations, the prism was not a homogeneous material, but
a strong grout column with weak shells.

In contrast, when Martins et al. (2018) produced hollow concrete block prisms with a

weak grout (fg,cyi/fbner ratio of 63%), the high deformations of the grout core induced lateral

43



44

tensile stresses in the blocks’ shell and webs. Since the authors used a mortar softer than the
blocks (fin,cun!fo.ner Tatio of 64.6%), these lateral tensile stresses were added to those resulted
from the distinct deformation properties of blocks and mortar, so that premature vertical
cracks were developed in the blocks’ shells and webs.

Figure 7 - Failure mode of grouted prisms (a) produced with hollow concrete blocks and I-shaped concrete
blocks; and (b) subjected to different grouting procedures.

a)  |Prism ofnormal-strength|| Prism ofhigh-strength Prism of I-shaped
hollow concrete blocks | hollow concrete blocks blocks

b) Drying of blocks before Paper towel between Wetting of blocks filled
outing blocks and grout with regular grout

~ T

fg,cyl/fb,net= 1531 % fg,cyl/fb,net= 1531 % fg,cyl/fb,net= 1531 %

Source: (a) Adapted from Martins et al. (2018), Copyright 2018, with permission from Elsevier; Fonseca et al.
(2019), Copyright 2019, with permission from Elsevier; Ouyang et al. (2019), Copyright 2019, with
permission from Elsevier; and AbdelRahman and Galal (2020), Copyright 2020, with permission from
Elsevier.

Table 2 shows that Nalon et al. (2020) and Fortes et al. (2018) also observed this failure
mechanism in grouted prisms with fg ey /fp,ner ratio of 85.4% and 58.2 - 74.8%, respectively,
but lower values of fi, cub/fp,ner ratio (34.5% and 31.6 - 42.0%, respectively). Both works did
not report impacts associated with mortar joint crushing. Despite this, further investigations
are recommended to clarify the effects of the use of weak mortars on the failure mode of
grouted prisms. Sipp (2019) also observed a huge amount of vertical cracks in hollow clay
block prisms (fg,cyi /foner ratio of 58.4-105.3% and fin,cunlfp,ner ratio of 29.9-48.4%), which
suggests possible effects of excessive lateral strain of the grout column on the clay units.

According to Ouyang et al. (2019), the interaction between I-shaped substructures

inside grouted masonry makes them the ideal mechanical element prototype. The authors
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observed that the characteristics of grouted masonry prisms constructed with I-type concrete
blocks (Figure 7a.3) are basically consistent with the characteristics published in previous
literature, in terms of failure mode. When a f; cyi /foner ratio of 58.4 - 105.3% was used, the
first cracks mainly appeared on the narrow side of the prisms, and then propagated on the
wide side. As the load increased, obvious signs of outward bulging along the normal direction
of the wide side appeared. At the final loading stage, the web of the I-type blocks became
crushed. Ouyang et al. (2019) also reported that within a reasonable range, the influence of
mortar strength was insignificant. According to the authors, as long as the mortar joint could
transfer the stresses between the units, its influence on the mechanical behavior of the grouted
prisms could be neglected.

When Martins et al. (2018) tested hollow concrete block prisms with fg cyi/fv,ner ratio of
80.9% and 86.4%, grout and blocks failed practically together, since they worked as a
monolithic resistant system. Similar results were reported by Nalon et al. (2020) for prisms
with fe cyi /foner Tatio of 80.7% and 91.8%. Although Fonseca et al. (2019) tested hollow
concrete block prisms (Figure 7a.2) with a wide range of f; ¢yt /foner ratios (47.8 - 113.3%),
they could identify a similar general trend: grout cores did not remain intact and the masonry
components acted somewhat homogeneously.

The failure modes of hollow concrete block prisms subjected to different treatments
before grouting were recently studied by AbdelRahman and Galal (2020). Some prisms were
air-dried for two hours before grouting, other prisms were lined with paper towel before
grouting, and the others were immersed in water for two hours before grouting. Significant
discrepancy was observed between the failure modes of dry and wet grouted prisms. In dry
prisms, lateral shrinkage of grout provided a masonry assemblage with two separate
elements: the grout core and the face shell. Consequently, excessive crushing of the grout
cores and spalling of the face shell happened after the peak stress (Figure 7b.1). Lining of
prisms with a paper towel as a means of eliminating the initial tensile cracks due to restrained
dry shrinkage was not as significant as expected. This procedure was not able to prevent the
water absorption of the grout cores by the surrounding dry units. Consequently, the isolated
grout cores caused lateral tensile strains on the masonry shell, leading to a premature failure
of the masonry shell (Figure 7b.2). In wet prisms, a suitable bond between the masonry shell
and the grout core was observed. This enabled the masonry shell and the grout core to

maintain their strengths up to the peak stress with no premature failure of the face shell. Then,
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a conical shaped diagonal shear failure was observed, without significant face shell spalling
up to the failure (Figure 7b.3).

Thus, important aspects on the failure mechanisms of grouted masonry prisms derived
from the dataset presented in Table 2. These include, firstly, the observation that the use of
Je.cyi/fo.ner ratios from 87.5% to 235.7% led to non-homogeneous prisms composed of a strong
grout column with weak shells. Secondly, it has been reported that prisms with f; ey /fp,ner
ratios from 56.3% to 85.4% presented premature vertical cracks in masonry shells due to the
excessive lateral expansion of the grout core. Premature failure of the masonry shell was also
reported in prisms subjected to drying before grouting and prisms lined with a paper towel
before grouting, although they presented a fg,cyi /foner ratio of 153.1%. Finally, most of the
investigators affirmed that they were able to match the deformation characteristics of grout
and units when the fg cyi/fp ner ratios were between 80.7% and 113.3%, situation in which grout

and units worked as a monolithic resistant system, failing practically together.

2.3. STRENGTH AND STIFFNESS OF MASONRY PRISMS

The failure mechanisms reviewed in Section 2.2 support the understanding of different
factors affecting the strength and stiffness of masonry prisms discussed in the present section.
The load-bearing capacity and the elastic modulus of masonry prisms are directly associated
with (i) the characteristics of their basic components (units, mortar, and grout) and (ii) the
relative strength of masonry components, production/testing methods, and geometric
characteristics of the prisms, as discussed in Sections 2.3.1 and 2.3.2, respectively. Then,
Section 2.3.3 presents comparisons between prism mechanical properties obtained in

previous literature and predicted by current masonry design codes.

2.3.1. Effects of types of masonry components on strength and stiffness of prisms

To understand the complex interaction between various masonry components,
researchers have investigated prisms with units, mortar, and grout with different
compositions and geometries. Characteristics of components used in current research for the
construction of masonry prisms were summarized in Table 3. A review of this inventory
indicates that different types of units (e.g., hollow concrete blocks, solid concrete bricks,
hollow clay blocks, solid pressed earth bricks, and solid burnt clay bricks), job-site mixed

and preblended mortars (e.g., cement mortar, cement-lime mortars, earth-based mortars, and
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polymer adhesive mortars), and grout (e.g., conventional cement grout, prepacked grout, and
grout containing shrinkage-compensating admixtures) have been recently investigated. Table
3 also summarizes the effects of different components characteristics on the gross area

compressive strength and elastic modulus of prisms (f,,gross and Ep gross, respectively).

2.3.1.1. Unit

Figure 8 shows the values of net area compressive strength of units and ungrouted
prisms reported in Table 3. In general, recent findings are in accordance with the well-known
fact that increases in unit strength lead to the enhancement of the mechanical properties of
ungrouted masonry made with various types of units (Parsekian et al., 2012; Zahra and
Dhanasekar, 2016; Zhou et al., 2017). Nevertheless, current studies indicate that this
enhancement is mutually affected by many other factors, as discussed in Section 2.3.2.

Figure 8 - Plot of net area compressive strength of units against compressive strength of ungrouted prisms
reviewed in this chapter.
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Source: Author (2024).

Studies compiled in this review indicated that the type of unit significantly affects the
compressive strength of masonry prisms. Figure 8 shows that most of the prisms produced
with concrete units (AbdelRahman and Galal, 2020; Caldeira et al., 2020; Guo et al., 2018;
Mahamid and Westin, 2020; Martins et al., 2018; Nalon et al., 2020; Yang et al., 2019)
exhibited net area compressive strength values (5.2-41.8 MPa) usually higher than the net
area compressive strengths of prisms produced with clay units (1.1-32.9 MPa) (Segura et al.,
2018a; Thaickavil and Thomas, 2018; Thamboo, 2020; Thamboo and Dhanasekar, 2019) or
pressed earth units (0.83-4.73 MPa) (Darwish et al., 2020; Sajanthan et al., 2019; Thaickavil
and Thomas, 2018).



Table 3 - Characteristics of units, mortars, and grout investigated in recent research papers
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Filling material (grout

Prism’s strength and

Unit Mortar .
Authors or mortar) stiffness
. Length X Wldth X fb,nel . fm,cub . f;g,cyl f[‘v,gmsx Ep,grms
Type Material height (mm) (MPa) Material (MPa) Material (MPa) (MPa) (MPa)
. . . 3.13;
Zahra et al. Solid and Conventional 15.4; Cement-lime ’ 458 -
(2021) hollow blocks concrete 390 x 90 x 190 15.6 mortar 4&255 : ) ) 39-139 g490
Padalu and . . Cement
Singh (2021) Solid bricks Clay 229 x 109 x 72 26.2 mortar 14.8 - - 7.6 3375
Cement
Behera and mortar (with
Nanda (2021) Solid bricks Clay 250x 125x 75 9.1 or \.Nl.thout 4.4 - - 0.5; 0.6 -
joint
reinforcement)
Zhara et al. Hollow blocks Conventional 390 x 190 x 190 14 Cement-lime 405 Conventional 33.0 28-91 )
(2021) concrete mortar grout
Cement
mortar;
Krishnaraj et al. i ) cement-fly ash ~ 35.9 -
(2020a) Solid bricks Clay; fly ash 215x 100 x 75 - mortar; 48.0 - 54-9.2 -
nanomodified
mortar
Darwish et al. . . Cement or
(2020) Solid bricks Pressed earth 300 x 140 x 90 - carth mortar 1.15 - - 06-1.1 -
. Light/normal .
Mahamid et al. . 16.3; Cement-lime 10.3 -
(2020) Hollow blocks weight 407 x 203 x 203 5.9 mortar 19.9 - 8.7-21.8 -
concrete
Polymeric
Thamboo . . 200 x 90 x 65; 54, ) 11.5- 1555 -
(2020) Solid bricks Clay 210 x 100 x 60 15.8 mortar; 14.2 - . 28-9.8 6546
cement mortar
Prepacked
AbdelRahman . )
and Galal Hollow blocks ~ Comventional 395 oo x 190 374 Preblended 21.4 grout; 210- 34393 10804~
(2020) concrete mortar conventional 57.3 15288

grout




Nalon et al. Conventional 14.1; Cement-lime 3.7 - Conventional 13.8 - 1858 -
(2020) Hollow blocks concrete 390 x 140 x 190 17.1 mortar 17.1 grout 15.7 5-6-18.3 4717
Cement-lime
Caldeira et al. Conventional 16.3; mortar; 5.6- 3041 -
(2020) Hollow blocks concrete 390X 140x 190 456 preblended 18.3 ) ) 3:6-225 8847
mortar
Mohamad et al. 9.8; Cement-lime 75 -
(2020) Hollow blocks Clay 290 x 140 x 190 239 - 335 - - 5.7-16.1 -
Yang et al. A Conventional Cement 20.5 - 2633 -
(2019) Solid bricks Concrete 190 x 90 x 57 8.2 mortar 291 - 53-59 2714
200 x 90 x 65;
Thamboo and 210 x 100 x 60;
Dhanasekar Solid bricks Clay 225 x 150 x 90; ?58 g (Ifé‘r‘far;t 4.0;6.5 - - 14-73 221;
(2019) 220 x 140 x 90; '
280 x 140 x 90
Ouyang et al. Hollow blocks ~ Conventional 24.7 - Cement-lime 12.4-  Conventional 14.4 - 13558 -
(2019) (I-type) concrete 190x200x 190 g ¢ mortar 13.7 orout 296 109243 0
Sajanthan et al. e 4.6 - Cement
(2019) Solid bricks Pressed earth 205 x 105 x 65 122 mortar 1.6-6.9 - - 1.4-4.7 -
Garcia et al. e 9.8 - Cement Question-
(2019) Solid bricks Clay 241 x 115 x 68.5 17.8 mortar 13.2 - - 32-6.6 able
Conventional
grout; grout
. . produced
Fonseca et al. High-strength 40.7 - Cement-lime 14.0 - . 27.0 -
(2019) Hollow blocks concrete 390 x 140 x 190 74.9 mortar 320 Wlth 590 9.6-324 -
shrinkage-
compensating
admixture
. 29.7 - Preblended 11.6; Conventional  20.3; 7016 -
Sipp (2019) Hollow blocks Clay 290 x 140 x 190 56.2 mortar 18.6 grout 33.6 5.8-215 26968
Prepacked
grout;
Nascimento et Preblended 3.1- conventional 2.5 - 2900 -
al. (2019) Hollow blocks Clay 290 x 140 x 190 27.0 mortar 127 grout; 403 6.5-243 11800
preblended

mortar
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Cement
Kanchidurai et mortar (with
Solid bricks Clay 225x 105 x 82 12.6 or without 13.5 - - 0.6-1.0 -
al. (2019) .
Jjoint
reinforcement)
Thaickavil and . . Pressed earth; 190 x 113 x 100; . Cement 13.6 -
Thomas (2018) Solid bricks clay 210 x 96 x 50 4.6,6.7 mortar 35.5 ) 0.7-2.9 )
Concrete with
Guo et al. recycled Cement 3201 -
(2018) Hollow blocks concrete 390 x 190 x 190 - mortar 4.7 -8.1 - - 43-49 4718
aggregates
Martins et al. Conventional 14.2 - Cement-lime 7.0 - Conventional 12.4 - 2650 -
(2018) Hollow blocks concrete 390x140x 190, 5 mortar 18.4 erout 262 6-238 6540
Fortes et al. High-strength 43.7 - Cement-lime 13.8-  Conventional 32.7 -
(2018) Hollow blocks concrete 390 x 140 x 190 68.6 mortar 28.1 grout 42.5 10.1-284 )
Sathiparan et al. S Cement 3.8-
(2018) Solid bricks Clay 205 x 105 x 55 6.6 mortar 18.1 - - 2.1-3.0 -
seguraetal g0k bricks Clay 311x149x45 180  Fremixedlime oy - - 6.5 2494
(2018a) mortar
Kazempour et Cement
al. (2017) and Conventional mortar; 7.0 - 16780 -
Kazempour Hollow blocks concrete 390 x 190 x 190 300 nanomodified 46.0 ) ) 27:5-320 H6300
(2014) mortar
Alvarenga et al. Cement-lime 6.6; ) 1064,
(2017b) Hollow blocks Clay 390 x 140 x 190 17.2 mortar 124 - - 3.2;34 1167
Mohamad et al. Conventional Cement-lime 5.6 - 12537 -
2017) Hollow blocks concrete 390 x 140 x 190 23.1 mortar 254 - - 89-9.2 14380
Mahamood et . . Nanomodified
al. (2016) Solid bricks rubbercrete 210x 110 x 65 15.2 - - - - 10.0 -

Note: finer is the net area compressive strength of units, fi, cu is the compressive strength of mortar obtained from cubic specimens, f; .y is the compressive strength of grout
obtained from cylindrical specimens, f;, ¢r0ss is the gross area compressive strength of prisms, and E), .5 is the gross area modulus of elasticity of prisms.

Source: Author (2024).
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In general, most of the concrete units presented a 77 value (ratio between the prism’s
net area compressive strength and the unit’s net area compressive strength) ranging between
0.50 and 1.00, whereas most of the clay and earth solid units exhibited 7 values lower than
0.50. For concrete units with fp.er < 30 MPa, 30 MPa < fy.x < 60 MPa, and
60 MPa < fj, s < 80 MPa, Figure 8 shows values of 0.47 < < 1.25, 0.46 < 1 < 1.14, and
0.47 < n < 1.25, respectively. For clay units with f . < 20 MPa, 20 MPa < fj, 5er < 40 MPa,
and 40 MPa < f}, .e: < 60 MPa, Figure 8 indicates values of 0.05 < 7<0.56, 0.29 < < 1.00,
and 0.38 < 17 <0.68, respectively. Figure 8 also shows that the pressed earth solid units used
in the papers revised in this chapter always presented finer < 15 MPa, whereas the prisms
constructed with these units exhibited 0.14 < 77 < 0.54.

Over the last years, the challenge to build taller masonry structures has led to a robust
construction industry that can deliver high-quality units of high strength and different
geometries (Parsekian et al., 2018). However, existing masonry codes do not provide design
procedures to account for the use of high-strength units. Then, current advances in the
characterization of masonry constructed with high-strength blocks have become of special
importance (Caldeira et al., 2020; Castro et al., 2016; Fonseca et al., 2019; Fortes et al., 2017,
2018). Figure 8 shows that masonry elements built with high-strength blocks present 7 values
ranging from 0.46 to 0.65. These 7 values are directly related to the combination of high-
strength blocks and low-strength mortars, limiting the prism compressive strength, as
discussed in Section 2.1.

The effects of specific unit types on the masonry compressive strength were not taken
into account in tables of current design codes that correlate properties of units and mortar to
masonry strength. For example, Mahamid et al. (2020) observed that table-based methods of
the American standard provide conservative estimates for average strength of prisms made
of normal-weight concrete block. However, they are not applicable for lightweight block
masonry, since the authors reported that compressive strength values of lightweight block
prisms were lower than values predicted by design code tables. Thaickavil and Thomas
(2018) discovered that prisms constructed with pressed earth bricks had lower strength than
clay brick prisms, even though this difference decreased with the increase in the height to
thickness ratio of the prisms.

The current knowledge in nanoscience allowed a better understanding and control of
the matter at the nanoscale, which enabled the development of novel nanotechnology-based

construction materials. In this context, the application of nanotechnology for the fabrication
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of innovative masonry units has emerged as a very promising research field. Nanosilica is
one of the most reported nanoadmixtures incorporated into concrete matrices. This interest
can be attributed to the high reactivity and filler effects of nanosilica, as compared to other
nanomaterials (Birgisson et al., 2012a; Sikora et al., 2018). Mahamood et al. (2016) produced
stack-bond masonry prisms with solid concrete bricks containing 4.35% of nanosilica (by
mass of binder). The authors observed that nanosilica provided strength increases to the solid
concrete bricks due to the densification of their interfacial transition zone. The physical
effects of nanosilica were mainly associated with the refinement of their pore system at the
nano level, while the chemical effects are associated with improvements in cement hydration
and pozzolanic reactions.

Moreover, different contents of colloidal nanosilica (2.5% and 3.5% by mass of
cement) were recently used by Dawood et al. (2021) to enhance the mechanical properties of
sustainable concrete masonry bricks containing waste glass and steel slag powders. The
authors did not test masonry prisms, but observed that the colloidal nanosilica provided
masonry units with a denser microstructure through silica chains growth in calcium silicate
hydrates. It resulted in increases in compressive strength of about 12-24% and in flexural

strength of about 2-10%, at early and late ages.

2.3.1.2. Mortar

Figure 9 plots the values of compressive strength of mortars against the net area
compressive strength of the ungrouted prisms reported in Table 3. Prisms made with cement-
lime mortars and preblended mortars presented the highest values of net area compressive
strength, ranging from 3.35 MPa to 42.64 MPa. Caldeira et al. (2020) observed that concrete
block prisms produced with job site mixed cement-lime mortars and preblended mortars with
similar compressive strengths presented very similar mechanical properties, regardless of the
mortar joint thickness.

The dataset presented in Figure 9 also indicates that prisms made with cement mortar
and polymer adhesive mortar exhibited lower compressive strength (ranging between
0.96 MPa and 9.80 MPa), in comparison to cement-lime and preblended mortars. Cement
mortars are usually very stiff and may not ensure suitable strain accommodation, while
cement-lime mortars present reasonable strength along with appropriate workability and
water retention (Hernoune et al., 2020; Kaczmarek, 2019; Parsekian and Soares, 2010; Pavia

and Brennan, 2019). Moreover, Thamboo (2020) reported that polymer adhesive mortar



provided strength increases of 10-18% to clay brick prisms, compared to cement mortar, due

to the relatively higher bond strength of specimens constructed with polymeric mortar.

Figure 9 - Plot of compressive strength of mortars against compressive strength of ungrouted prisms reviewed
in this chapter.
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Darwish et al. (2020) compared the use of cement mortar and earth-based mortar to
pressed earth bricks. In Figure 9, the lowest prism strength (0.56 MPa) was obtained for the
prisms constructed with earth-based mortar. Darwish et al. (2020) observed that prisms
fabricated with cement mortar were about 80% stronger than their counterparts constructed
with earth-based mortar, although all of them presented a similar level of ductility.

Mortar joint reinforcement techniques have been used to arrest crack propagation in
masonry elements (Sadek and Lissel, 2013; Saenger and Raupach, 2019; Valluzzi et al.,
2005). Recent works have studied the compressive behavior of masonry prisms containing
different types of meshes in the bed joints. For example, brick masonry prisms with geogrid
reinforcement embedded in the mortar joints were recently investigated by Behera and Nanda
(2021). The authors observed that the reinforcement provided better distribution of stresses,
making the mortar joint stiffer. Consequently, the compressive strength of geogrid-embedded
prisms was 32.7% higher than that of the unreinforced brick prisms. Kanchidurai et al. (2019)
also reported an absence of mortar failure in masonry prisms with different types of joint
reinforcement. The average compressive strength of prisms with embedded mesh was 42%,
51%, and 31% higher than that of unreinforced prisms, for expanded wire mesh, stainless
steel wire mesh, and poultry net mesh, respectively.

The structural performance of nanomodified mortars for masonry construction has

been demonstrated by several investigations. For example, masonry mortars containing 0%
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or 4% of nanosilica (by mass of binder) were used by Kazempour et al. (2014; 2017) to
produce three and four course high masonry prisms assembled and cured at cold weather.
Although the 28-days compressive strength of masonry prisms was not significantly affected
by the incorporation of the nanomaterials, the nanosilica shortened the setting time of the
laying mortars at 5 £ 1 °C and increased their compressive strength up to 72 h, compared to
the control mixture. Consequently, nanosilica accelerated the kinetics of hydration at early-
age, which is a promising approach for controlling the effects of cold weather on masonry
construction, without the need for heating practices.

The impact of using ultrafine fly ash (UFFA) on the nanostructure of masonry mortars
was investigated by Krishnaraj et al. (2020b), based on the development of compression tests
of masonry prisms produced with Class C fly ash or UFFA, in addition to clay or fly ash
bricks. The voids of the mortar matrices produced with UFFA were highly reduced, in
comparison to the mortars made with Class C fly ash, which was attributed to the huge
availability of particles size ranges from micro to nano level. The compression tests of the
masonry prisms indicated that the use of UFFA mortar provided increases in masonry
strength. The use of mortars containing UFFA provided strength increases of about 33%, in
comparison to conventional masonry prisms, due to the nanosize and irregular shape of
UFFA and the greater interlocking of cement hydrated products.

Erdogmus et al. (2015) did not obtain improvements in the masonry mortars' structural
performance due to the incorporation of different volume fractions of carbon nanofibers (0%;
0.25%, and 0.5% per unit volume of composite material). According to the authors, the
presence of nanofibers reduced the strength of the mortars due to breaking bonds between
cement hydrates.

The effects of various contents of ZrO2 nanoparticles on cement masonry mortars (0%,
0.15%, 0.20%, 0.25%, and 0.30% by weight of cement) were investigated by Mohammed
Rawoof et al. (2015) by performing compression tests on mortar cubes and brick masonry
prisms. The nanomodified mortar provided masonry prisms with compressive strength nearly
20% higher than conventional mortars, which suggests strong possibilities of incorporating
nano ZrO; particles in masonry materials to enhance their mechanical properties.

Masonry mortars with nanoalumina were also evaluated in previous research. Different
nanoalumina contents (0%, 2%, 4%, and 6% by mass of cement) were used by Kazempour
et al. (2014; 2017) to produce masonry mortars applied in masonry construction at cold

weather. The overall trends suggested that contents of 6% of nanoalumina could alleviate the
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effects of low temperatures on the masonry mortar mixtures, in terms of accelerating the

kinetics of hydration and rate of hardening.

2.3.1.3. Grout

Various effects of grout on the mechanical properties of masonry prisms were reported
in past literature. Some authors (Bolhassani et al., 2015; Hamid and Chukwunenye, 1986;
Huang et al., 2014; Heydariha et al., 2017) mentioned significant increases in masonry
strength when the units were filled with grout. Other works (Camacho et al., 2015; Koksal et
al., 2005; Parsekian et al., 2012) stated that grouting does not necessarily lead to significant
increases in masonry strength and increasing grout strength leads to minor variations in prism
strength. Consequently, the superposition of strengths of grout and units was found to
overestimate the compressive strength of grouted prisms. It is mainly attributed to effects of
plastic and drying shrinkage of grout, effects of unit geometry, inappropriate construction
procedures, differences in the stress-strain relationship of grout and units, among others
(AbdelRahman and Galal, 2020; Drysdale and Hamid, 1979; Parsekian et al., 2012). Strength
improvements due to grouting can be interpreted from the general trend observed in Figure
10, which plots the compressive strength of grout against the compressive strength of the
masonry prisms reviewed in Table 3.

Advances in the field of chemical admixtures for concrete materials have provided new
alternatives of shrinkage compensating admixtures for masonry grout. The dataset presented
in Figure 10 shows that prisms filled with conventional grout presented gross area
compressive strengths ranging from 10.4 MPa to 39.3 MPa, whereas the gross area
compressive strength of prisms filled with non-shrink grout was between 16.7 MPa and
27.5 MPa. AbdelRahman and Galal (2020) verified that masonry prisms fabricated with non-
shrink grout presented a slightly higher compressive strength and modulus of elasticity, lower
strain at the peak strength, and similar post-peak behavior, in comparison to prisms produced
with regular grout. Fonseca et al. (2019) also observed small increases in the compressive
strength of concrete masonry, which indicates that the admixture was effective in decreasing
the grout shrinkage and inducing the block-grout to act more homogeneously. However, they
also observed slight strength reductions with increases in the admixture percentage. Future
research is recommended to evaluate suitable shrinkage-compensating admixture dosage,
especially because excessive lateral expansion due to inappropriate admixture contents can

result in damage to the masonry blocks.
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Figure 10 - Plot of compressive strength of filling material (grout or mortar) against compressive strength of
masonry prisms reviewed in this chapter.
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Source: Author (2024).

Nascimento et al. (2019) recently carried out an experimental investigation of the
behavior of structural masonry prisms with cells filled with the same mortar used in the bed
joints, aiming at attaining greater agility and flexibility in the construction process of
unreinforced masonry. Compressive strength results suggested the viability of using bedding
mortar with the same structural function as grout. The best mechanical performance was
obtained when the mortar compressive strength was 10-24% of the net area compressive
strength of the blocks. Despite this, comparisons between the experimental data reviewed in
this chapter (Figure 10) indicated that the values of gross area compressive strength of prisms
filled with bedding mortar (7.4-10.7 MPa) were lower than those observed in prisms filled
with grout (10.4-39.3 MPa), which can be mainly attributed to the small values of
compressive strength of the cement-lime mortars used as filling material (2.5-10.2 MPa).

Recent studies have also investigated nanomodified grout for masonry construction.
For example, Papayianni et al. (2012) reported increases in compressive and flexural strength
provided by different concentrations of nanosilica (0.5% and 1% by mass of cement) with
distinct gradations (average particle size of 14 nm and 150 nm) to lime-based grout for filling
and strengthening of masonry. In addition, 150-nm nanosilica positively affected the fresh
state properties of the grout mixtures and stabilized their volume changes. On the other hand,
negative effects provided by 14-nm nanosilica (concerning mainly water-binder ratio
increases and shrinkage induction) could be limited with the addition of superplasticizer.

Grout has also been produced with carbon nanomaterials, which are basically

composed of carbon particles with low density, high surface area to volume ratio, and present



57

unique mechanical, electrical, and thermal properties (Du et al., 2020a; Han et al., 2015;
Sikora et al., 2018). Restuccia et al. (2018) investigated masonry grouts with different
concentrations of carbon nanotubes (0%, 0.025%, 0.05%, 0.08%, 0.12%, 0.25%, 0.5%, and
0.8% by mass of binder) and observed that small contents of these nanocarbons (up to 0.12%
by mass of binder) provided increases of up to 73%, 35%, and 80% in the flexural strength,
compressive strength, and fracture energy of grout specimens, respectively. These results
were attributed to different factors, such as the reduction in the grout porosity, the crack
bridging mechanism provided by the nanofillers, and the formation of nucleation sites for the
development of hydration products.

The effects of different grouting procedures have also been explored over the last years.
AbdelRahman and Galal (2020) reported that wetting concrete block prisms before grouting
provided a well-bonded masonry shell and grout core, with significant increases in their
compressive strength. The superposition of strengths of grout core and blocks' shells and
webs was found to provide a good prediction of the compressive strength of wet grouted
prisms. Wetting masonry prisms before grouting was found to be a promising construction
procedure to improve the mechanical properties of grouted masonry, which is already

recommended in different masonry codes.

2.3.2. Mutual effects of different characteristics of masonry prisms on their strength

and stiffness

The mechanical properties of masonry prisms are not only affected by the types of
mortars, units, and grout, as previously presented in Section 2.3.1. They are also mutually
affected by different characteristics of the masonry prisms, such as the relative strength
between the masonry components (fi,cub/fo,ner and fg cyilfo,ner ratios), their preparation/testing
conditions (e.g., arrangement of units within the prisms, mortar bedding approach, capping
method, curing procedures, loading rate, and workmanship quality), and geometric properties
(e.g., number of courses, thickness of the mortar joints, and dimensions of the prisms)
(Ganesan and Ramamurthy, 1992; Mohamad et al., 2007; Parsekian et al., 2012). Table 4
presents a review of different preparation/testing conditions and geometric properties of
prisms investigated in latest research, in addition to the corresponding components’ strength
ratios. Due to the lack of combined studies on different parameters affecting the compressive
behavior of masonry, relevant progress has been recently made on the understanding of the

mutual influence of various factors on the compressive strength and elastic modulus of
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prisms, which are discussed in the present section. Moreover, novel prediction models for
compressive strength and elastic modulus of ungrouted and grouted masonry prisms have
been proposed over the last years, such as those proposed by Thaickavil and Thomas (2018),
Sharafati et al. (2021), Martins et al. (2018), Nalon et al. (2020), and Ouyang et al. (2019).
Masonry elements are traditionally constructed with stiffer units and relatively low
strength mortar (mortar compressive strength in the range between 0.4 fj,.er and 0.7 fp ner)
(Nalon et al., 2020; Parsekian et al., 2012; Shi et al., 2021). However, engineers around the
world recently deal with some distinct case scenarios. Sometimes, mortar must be stronger
than units due to different reasons, such as the recent improvements in mortar cement
properties, and the need for the application of locally available soft units for construction of
low-cost housing in developing countries (Prakash et al., 2016; Sathiparan and
Rumeshkumar, 2018; Thaickavil and Thomas, 2018; Thamboo, 2020; Thamboo and
Dhanasekar, 2019; Yang et al., 2019). Sometimes, units must be significantly stronger than
mortar, especially with the recent progress on the development of high-strength masonry
blocks (Caldeira et al., 2020; Castro et al., 2016; Fonseca et al., 2019; Fortes et al., 2017,
2018). Studies published in the last couple years have improved the understanding of the
influence of the relative strength of mortars and units on the masonry prisms' mechanical
behavior. In order to summarize the experimental findings of these works, mutual effects of
mechanical properties of mortar and units on the compressive strength of ungrouted prisms
are represented in the 3D surface plot and contour plot of Figure 11a and Figure 11b,

respectively.
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Table 4 - Characteristics of masonry prisms tested in recent studies.

Components’
strength ratios

Prism’s strength

Preparation and testing conditions .
P & and stiffness

Geometric properties

Cappin Average Average Average  Average
Mortar _-apping Num- verag height of verag verag
Authors . N in top and . . joint heightto  length to Joen!
Prism joint’s Curing Loading  ber of . block to ; ; Smeun/ Jp.gross Ep gross
. bottom ... thick- thick- thick- Jonet
type bedding conditions rate cour- mortar Jonet (%) (MPa) (MPa)
attern surfaces ses ness thickness ness ness (%)
p of prisms (mm) . ratio ratio
ratio
Face-
shell 10 mm .
Zahra et al. Stack . Covered with 1 149 - 39- 458 -
(2021) pond  0cdding. phywood o Creps  mm/min 3 10.0 19.0 6.56 4.33 60.0 ” 13.9 8490
full capping
bedding
. 3 mm
Padalu and English Full 1.2
Singh (2021) bond bedding pls}lfl\;:v:t(s)d Wet bags mm/min 6 10.0 7.2 2.39 2.40 56.4 - 7.6 3375
Behera and
Stack Full 0.013 0.5;
Nanda . - - 8 12.5 6.0 1.30 0.65 48.4 - ’
2021) bond bedding MPa/s 0.6
Face- 6 mm .
Zahraetal. — Stack shell plywood  'vrappedin I 4 10.0 19.0 4.16 2.05 304 2357 8-
(2021) bond . . plastic sheet mm/min 9.1
bedding capping
Krishnaraj et Stack Full 54-
al. (2020a) bond bedding ) ) ) 3 10.0 75 245 114 ) ) 9.2 )
25
Darwish et Flemish Full mm/min,; 0.6 -
al. (2020) bond bedding i i 12 6 12.0 75 2:00 1.50 i i 1.1 i
mm/min
Face- Sulfur
. shell mixture .
Mahamid et Stack . Covered with 13.3 - 8.7 -
al. (2020) bond  Pedding and plastic bags - 2 95 214 2.05 2.00 99.9 - 21.8
full gypsum
bedding cement
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5 mm

Thamboo Stack Full . . 0.5 . 4.44, 2.22; 72.8 - 2.8 - 1555 -
(2020) bond  bedding Izz;’;‘i’r‘l’g Aireuring - imin 6 10-30° 325,300 349 2.10 263.0 9.8 6546
Abdel- Stack Full Gypsum Covered with mII(])jI:ilin’ 56.3- 234- 10804 -

lzf‘h(r;ggoe)t bond  bedding  capping plastic bags 0.18 2 10.0 19.0 2.05 2.05 T3 4531 393 15288
) mm/min

Nalonetal.  Stack Full C3e o ] ] 5 100 19.0 5 80 5 80 262- 80.7- 56-  1858-
(2020) bond bedding mortar ) ) ) ’ 100.0 109.9 18.3 4717
. 2 mm
Caldeira et Stack Full Protected from 5; 10; 34.4 - 5.6 - 3041 -
al (2020)  bond  bedding ™™ ain and wind - 2 q5p0 0443 280 280 os6 T 225 8847
Mohamad et Stack Full Cement 0.05 29.8; 5.7 -

al. (2020) bond bedding paste ) MPa/s 2 10.0 19.0 2.79 2.07 68.8 ) 16.1 )

Yang et al. Stack Full 0.1 249.1 - 53- 2633 -
(2019) bond  bedding - - mm/min 10.0 > 212 211 353.9 - 59 2714

azgﬁ‘;‘l’]‘;_ Stack Full fivn(‘)‘; 4 Aircurin 0.25 s.6 o0 60:65 327 150-  252- ) 14-  954-
kar (2019, bond  bedding P aypping & ym/min : 9.0 4.89 222 121.9 73 5544
10 mm
Ouyang et Stack Full 0.02 47.4 - 58.4 - 16.9 - 13558 -
al. (2019) bond  bedding fﬁg;f:rt - MPa/s 3 10.0 19.0 2.95 1.95 503 1053 243 22410
Sajanthan et Stack Full Indoor lab 2 13.5 - 1.4 -
al. (2019) bond bedding ) environment mm/min 3 10.0 6.5 2.05 1.95 149.7 ) 4.7 )
Garcia et al. Stack Full ) ) 0.30 5 10.0 6.9 3.19 - 2.09 - 74.2 - ) 3.2- Ques-
(2019) bond bedding MPa/s ) ) 3.54 2.23 200.0 6.6 tionable

Fonseca et Stack Full Cement 0.01 34.2 - 47.8 - 9.6 -

al. (2019) bond bedding paste ) MPa/s 2 10.0 19.0 2.80 279 427 113.3 32.4 )
T T R i
Nascimento Stack Full Cement 11.5 - 9.2 — 6.5 - 2900 -
et al. (2019) bond bedding paste ) ) 3 10.0 19.0 279 1.34 47.0 149.3 24.3 11800
Kanchidurai Stack Full 0.013 0.6 -
etal. 2019)  bond  bedding - - MPa/s 2 10.0 8.2 1.60 0.78 106.8 1.0
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. . Running .
Thomss PN R e Z¥& 00 sggp LIS Les 206 07 .
stack bedding \Lreg 6 ) R 5.75 2.19 778.5 2.9
(2018) bond plaster intervals
Guo et al. Stack Full Cement 0.07 43 - 3201 -
(2018) bond  bedding  paste - MPa/s 3 10.0 19.0 311 2.05 - - 49 4718
Martins et Stack Full Cement Protected from 0.15 49.2 - 63.0 - 5.6 - 2650 -
al. (2018) bond bedding paste sun and wind MPa/s 2 10.0 19.0 2.80 2.80 74.4 184.6 23.8 6540
Fortes etal.  Running Full Cement 0.92 31.6 - 58.2- 10.1-
(2018) bond bedding mortar ) MPa/s > 10.0 19.0 7.07 279 42.0 74.8 28.4 )
. Oven-dry, air-
Sathiparan et Stack Full ’ 0.21 57.5 - 2.1-
al. (2018) bond  bedding - dry or wet MPa/s 4 10.0 33 2.38 1.95 275.2 3.0 -
conditions
Covered with
Segura et al. Stack Full Cement 0.02
(2018b) bond bedding B pol}sficltelg;ene MPa/s 5 10.0 3.0 1.91 2.09 10.6 - 6.5 2494
Kazempour .
etal. (2017) Walk-in
and Stack Full i environmental i 3 10.0 19.0 311 151 23.3 - 27.5 - 16780 -
Kazempour bond bedding chamber at ) ) ) ’ 153.3 32.0 26300
(2015) D
0.05
Alvarenga et Stack Full Cement MPa/s; 38.5; 3.2; 1064,
al. (2017b) bond bedding mortar ) 0.15 2 10.0 19.0 279 2.79 72.3 34 1167
MPa/s
0.0027
Mohamad et Stack Full ) ) MPa/s; 2 ) ) ) 279 244 - ) 8.9 - 12537 -
al. 2017) bond bedding 0.037 M ’ 109.8 9.2 14880
Pa/s
Mahamood Stack Full ) ) 4 ) ) ) ) ) ) 10.0 )
et al. (2016) bond bedding )

Note: finer is the net area compressive strength of units, fi, cu» 1S the compressive strength of mortar obtained from cubic specimens, f; s is the compressive strength of grout
obtained from cylindrical specimens, f;,¢ross 1S the gross area compressive strength of prisms, and E), ¢, is the gross area modulus of elasticity of prisms.

Source: Author (2024).
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Figure 11 - Influence of compressive strength of mortar and units on the strength of ungrouted prisms.
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Source: Author (2024).

Both images of Figure 11 suggested that when low-strength units are used, increases in
the mortar compressive strength cause only marginal increases in the masonry prisms'
compressive strength. This happened because unit failure governed the failure mode of the
masonry prisms, since high values of fi,cu» / foner ratios were used and the typical rupture
mechanisms were those summarized in Figure 6. Moreover, Figure 11 indicates that strength
gains due to the enhancement in unit strength were lower when softer mortars were used. This
behavior is in agreement with the failure modes of prisms made with low-strength mortars
presented in Figure 5, in which the rupture was mainly governed by mortar crushing.
Interestingly, most of the darker regions (highest values of prisms mechanical performance) of
Figure 11b are within the red dashed lines that represent the range of fin,cu»/ fo,ner ratios (between
31.6% and 121.9%, according to data revised in Section 2.2.1) in which tensile splitting of
masonry units was the observed failure mechanism (Figure 4).

Negligible effects of mortar strength on the mechanical properties of grouted prisms have
been reported in previous literature (Koksal et al., 2005; Parsekian et al., 2012; Ramalho and
Corréa, 2003). Then, the influence of mechanical properties of grout and units on the
compressive strength of grouted prisms were represented in the 3D surface plot and contour
plot of Figure 12a and Figure 12b, respectively. In this regard, recent experimental studies
carried out by Martins et al. (2018) and Nalon et al. (2020) analyzed the mechanical behavior
of masonry prisms made of concrete units with three different strength levels, cement-lime
mortar with three different strength levels (in relation to the unit strength), and grout of three
strength levels. Regardless of the unit strength, the authors did not verify a linear proportionality

between the increase in grout strength and the enhancement of prism strength, which justifies
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the non-linear patterns observed in Figure 12a. Figure 12b evidences light colors when strong
grout is combined with significantly weak units, and vice versa, suggesting that using a grout

much stronger than the blocks or vice versa is not effective.

Figure 12 - Influence of compressive strength of grout and units on the strength of grouted prisms.
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Most studies revised in this chapter concluded that the best prism mechanical
performance is usually observed within the red dashed lines of Figure 12b, i.e., when the grout
compressive strength is reasonably close to the blocks' net area compressive strength (fo/ fo,ner
ratios between 80.7% and 113.3%, according to data revised in Section 3.2.2). However, Figure
12b also indicates that high compressive strength values can be observed in some regions
outside the limits of this range. For example, some dark regions of Figure 12b are also
associated with prisms constructed with fi/ finer ratios lower than 80.7% and high-strength
blocks. It clearly shows the efficiency of modern high-strength units to avoid premature vertical
cracks of masonry shells due to excessive lateral expansion of the grout. Similarly, Figure 12b
also exhibits small dark regions associated with prisms constructed with fo/ fner ratios higher
than 113.3% and high-strength grout. These regions represent specific situations in which a
strong grout core was able to withstand increasing compressive load, despite the rupture of the
blocks’ shells and webs.

The effects of bonding pattern (stack bond vs. running bond approach) on the compressive
strength of masonry prisms with 2, 3, 4, and 6 courses were investigated by Thaickavil and
Thomas (2018). The authors reported increases in prism compressive strength with the increase
in volume fraction of units (VF5). They also observed strength increases with the increase in
the volume ratio of bed joint to total mortar (VR.m), since the prepend joints were weak links

in the prism when subjected to friction effects imposed by the loading platens of the testing
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machine. Prisms with greater volume of bed joint mortar presented a lower number of weak
links. Therefore, Thaickavil and Thomas (2018) suggested the consideration of both VF} and
VRuu for the development of a prediction strength model for masonry prisms. Since prepend
joints contribute to reductions in the strength of masonry elements, Thamboo and Dhanasekar
(2019) reported a pioneering study to compare strength and deformation characteristics of both
stack-bond prisms and wallettes under compression, since stress-strain relationships reported
in previous works have been developed from prism or wallettes testing and not from both in a
single experimental study.

The ratio between height and thickness of masonry prisms also affects their compressive
strength. Thaickavil and Thomas (2018) observed decreases in prism compressive strength with
increases in their slenderness ratio. When the ratio between height and thickness increased from
1.86 to 5.85, compressive strength decreases of 35-40% were observed in prisms constructed
with solid clay bricks with compressive strength of 4.56 MPa. When the ratio between height
and thickness increased from 1.15 to 3.65, strength decreases of about 50% were observed in
prisms constructed with solid clay bricks with compressive strength of 6.68 MPa. When the
height to thickness ratio increased from 3.27 to 4.89, strength decreases from 30-40% were also
observed by Thamboo and Dhanasekar (2019) in prisms made with low-strength bricks
(compressive strength of 3.8-5.3 MPa). The loading platens of the testing machines used in
uniaxial compression tests of masonry prisms impose friction that causes lateral confinement
to their top and bottom ends. The zone subjected to lateral tensile stresses increases with the
increases in the slenderness ratio of the prisms. Consequently, strength reductions with
increases in the slenderness ratio of the prisms are directly associated with reductions in friction
effects at the ends of the specimens.

However, effects of variations in unit compressive strength were found to be higher than
the effects of variations in slenderness ratio of masonry prisms. For instance, experimental
results of Thamboo and Dhanasekar (2019) indicated that prisms made with units with
compressive strength of 15.8 MPa and height to thickness ratio of 4.10 presented compressive
strength values 67-82% higher than those of prisms made with units with compressive strength
of 3.8-5.3 MPa and height to thickness ratio of 3.27-4.89. These results demonstrated that
increases in unit strength were able to mitigate the effects of increasing lateral tensile stresses
due to increases in the slenderness ratio of the prisms.

The mechanical properties of prisms are not only a function of their height to thickness

ratio, but also a function of their length to thickness ratio. Since research into the effects of
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prism length on compressive strength remained limited, Abasi et al. (2020) recently developed
a systematic investigation of the effects of prisms' length on their compressive strength. They
concluded that the effects of length to thickness ratio of prisms on their strength are significant
and must be considered together with the well-understood effect of height to thickness ratio on
the determination of strength correction factors. Actually, strength correction factors provided
in current masonry design codes often lead to overestimated strength values. Therefore, Abasi
et al. (2020) elaborated new correction factors to account for the effects of height to thickness
ratio and length to thickness ratio on the prisms compressive strength.

The influence of mortar joint thickness on the masonry behavior has also been
investigated in the past. Most previous research reported increases in masonry strength and
stiffness due to reductions in the mortar joint thickness (Cassinello, 2006; Francis et al., 1972;
Lima et al., 2012; Reddy et al., 2009; Thamboo et al., 2013). Distinct results were also reported.
For instance, Nwofor and Sule (2012) proposed a model with increases in strength with the
increase in thickness up to 10 mm, after which the strength started to decrease. In contrast, Rao
et al. (1995) reported increases in strength with the increase in joint thickness up to 15 mm in
tests of masonry produced with soil-cement units weaker than the mortar. Recently, Caldeira et
al. (2020) investigated the mutual effects of joint thickness, mortar/unit strength ratio, and type
of mortar on the compressive strength and modulus of elasticity of prisms made of hollow
concrete blocks. They verified that the influence of joint thickness on the mechanical properties
of masonry elements is higher when the mortar strength is much lower than the blocks' strength,
since decreases in joint thickness provided increases in mortar strength with the enhancement
of the joint confinement effect, so that the prism's early rupture by mortar crushing could be
avoided. When stronger mortars were used, failure occurred by transverse blocks splitting or
blocks crushing and, consequently, the impact of joint thickness on the prism strength and
elastic modulus was not very significant. The authors also mentioned that prisms made of job
site mixed mortars and preblended mortars presented similar structural behaviors, regardless of
the joint thickness level. Another interesting experimental result reported by Caldeira et al.
(2020) was that the reductions in compressive strength and elastic modulus with the increase in
joint thickness are significantly greater in prisms produced with high-strength blocks. Then,
strict control of workmanship quality is recommended when dealing with these novel unit types,
in order to avoid significant variability of joint thickness. Thamboo (2020) also presented some

findings on the modern thin layer mortared masonry construction system: improvements in
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prisms compressive strength were observed due to the relatively higher bond strength provided
by a polymeric mortar, combined to the use of a very small mortar joint thickness (1-3 mm).

The mortar bedding approach also affects the mechanical properties of prisms under
compression. Although face-shell-bedded prisms only have mortar in the face shell areas, the
full net cross-sectional area of the blocks is commonly used to determine their net compressive
strength. Mahamid et al. (2020) explained that this approach provides more representative
values of the ultimate load carrying capacity of the elements, since the compressive strength of
face-shell bedded prisms would be higher than that of full-bedded prisms if only face shell-
bedded mortar area was used for strength calculations. This is not valid, since prism
compression tests clearly indicate that full-bedded prisms have a greater load-carrying capacity
than face-shell bedded prisms. Previous studies (Ganesan and Ramamurthy, 1992; Mahamid
and Westin, 2020; Parsekian et al., 2012) reported that high local lateral tensile stresses are
developed at the center of the webs of face-shell-bedded prisms by a mechanism analogous to
the deep-beam bending, so that their compressive strength is lower than that of full-bedded
prisms. A recent study conducted by Mahamid et al. (2020) observed that the face-shell bedding
approach causes a greater reduction in compressive strength for lightweight concrete block
prisms than for conventional concrete block ones.

Zahra et al. (2021) reported the compressive strength and elastic modulus of masonry
prisms resulted from the combination of mortars with three different strength levels, two distinct
mortar bedding types (full and face-shell mortar bedding), and two types of units (solid and
hollow concrete blocks). No significant variation in the masonry strength reductions due to
face-shell bedding approach with respect to the mortar strength grades was observed. It
happened because full bedded and face-shell-bedded prisms constructed with soft mortars failed
by crushing of mortar joints, whereas prisms produced with stiffer mortars presented web
splitting failure for face-shell bedding and cracking/spalling in blocks and mortar for full
bedding. On the other hand, full bedding was found to be more effective for solid concrete units,
while face-shell bedding was more efficient for hollow concrete units. Zahra et al. (2021) also
observed that despite of variations in mortar strength and unit type, face-shell-bedded prisms
presented relatively lower ultimate axial strains than full-bedded prisms. It was attributed to the
earlier failure observed in face-shell-bedded prisms, due to the stronger bond provided by a
larger bedding area in fully-bedded prisms, which prevented high tensile stresses in the web-

shells.
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2.3.3. Comparisons between strength and stiffness obtained in previous studies and

predictions of masonry codes

Some current design codes propose empirical equations to estimate the compressive
strength of some types of masonry structures, such as EN 1996-1-1 (2005) and AS 3700 (2018).
In contrast, TMS 402/602 (2016) proposes the application of the unit strength method (USM),
which consists of using an existing strength table that correlates unit strength and mortar type
to masonry strength. CSA S304 (2014) also recommends tabulated values of compressive
strength to be used in the design of masonry constructed with clay, concrete, or calcium silicate
units. The values of prism compressive strength reviewed in the present work were compared
to masonry strength values predicted by formulations proposed by EN 1996-1-1 (2005) and AS
3700 (2018), and tabulated values of TMS 402/602 (2016) and CSA S304 (2014). It was needed
to calculate values of equivalent prism compressive strength (f,) based on the values of masonry
compressive strength (fi) predicted by these codes [fi/f, ratios of 0.7 and 0.6 were used for
masonry made with hollow and solid units, respectively, as prescribed by the ABNT NBR
16868-1 (2020a) standard]. In Figure 13a, compressive strengths obtained in the experimental
programs reviewed in this chapter were plotted against prism compressive strengths predicted
by masonry codes.

Figure 13 - Comparisons between compressive strength (a) and modulus of elasticity (b) of prisms obtained in
previous literature and values predicted by masonry codes.
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Source: Author (2024).

Limitations and comments on specific parameters used in formulations of EN 1996-1-1
(2005) and AS 3700 (2018) are presented in Table 5. Values tabulated in CSA S304 (2014)
were not used to predict the compressive strength of prisms made with mortars that could not

be classified as type S or N, according to CAN/CSA-A179 (2014). Moreover, tabulated values
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of TMS 402/602 (2016) could not be applied to prisms constructed with mortars that could not
be classified as type N, S, or M, according to ASTM C270-19a (2019). Many studies used type
O mortars (mortars recommended for construction of non-load bearing walls) to produce
masonry prisms for structural purposes, situation that was not covered by the USM (2016).
USM tables were not applied when the thickness of the bed joints exceeded 15.9 mm, as
recommended in TMS 402/602 (2016). Finally, predictions were not applied to prisms made
with mortar, units or grout with strength classes and types that were not covered by CSA S304
(2014) and TMS 402/602 (2016).

Figure 13aindicates that strength formulations proposed by EN 1996-1-1 (2005) and CSA
S304 (2014) are more conservative than those prescribed by AS 3700 (2018) and TMS 402/602
(2016). In general, EN 1996-1-1 (2005) provided the best overall agreement with experimental
data reported in previous literature. However, significant amount of data was reasonably far
from the equality line presented in Figure 13a. In most of the cases, AS 3700 (2018) and TMS
402/602 (2016) overestimated the compressive strength of the prisms, whereas CSA S304
(2014) underestimated their compressive strength.

Table 5 - Formulations for prediction of masonry compressive strength and comments about their application in
comparisons developed in the present study.

Equation Formulation Specific comments Source
070 030 Equation applied to masonry  These equations could not be
(1) f.=K (fb) ' (fm) ' made with general purpose applied to hollow block
mortar and lightweight mortar.  prisms of studies that did not
Equation applied to masonry report the thickness of
made with thin layer mortar blocks’ webs and shells, as
0.85 and clay units of Groups 1 and this information was
2) f.=K ( fb) : 4 of EN 1996-1-1 (2005), required to determine the
calcium silicate, aggregate coefficient K. Moreover,
concrete, and autoclaved they were not applied to
aerated concrete units. prisms made with fly ash EN 1996-1-1
bricks or pressed earth (2005)

bricks, as these types of
units were beyond the
Equation applied to masonry application scope of the
3) f - K ( f )0.70 made with thin layer mortar code. Finally, the app.licat}'on
k b and clay units of Group 2 and  of shape factors defined in
3 of EN 1996-1-1 (2005). EN 772-1 (2000) were
required to determine the
normalized compressive
strength of masonry units.

This equation could not be applied to studies that used mortars
that could not be classified as M2, M3 or M4 mortars
fk =k hk m fb prescribed by AS 3700 (2018), as this information was AS 3700
required to determine k.. In addition, they could not be (2018)
applied to prisms constructed with unit types and unit-mortar
combinations that were not covered by this standard.

“

Source: Author (2024).
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These comments are in agreement with discussions recently published by Zahra et al.
(2021), which indicated that current design codes are inconsistent and non-conservative in their
masonry strength predictions. Zahra et al. (2021) recommended the inclusion of the use of low-
strength mortars to strength prediction formulations, in addition to modifications of face-shell
bedding correction factors, since they exhibited high inconsistency between the predictions.
Caldeira et al. (2020) also observed that strength formulations proposed by masonry codes did
not account for the significant influence of joint thickness on the compressive behavior of
prisms made with high-strength blocks. Mahamid et al. (2020) reported that that the USM
should not be used for lightweight block or face-shell bedded masonry because it is not
sufficiently conservative. Padalu et al. (2021) and Nalon et al. (2020) also observed that
available strength formulations mainly deal with masonry elements constructed with
stiffer/stronger units in comparison to the mortar, which greatly limits their predictive ability.
Accordingly, Mohamad et al. (2017) verified that formulations of current masonry codes do not
account for different failure mechanisms of masonry elements and the onset of their nonlinear
stress-strain response.

The studies reviewed in the present chapter highlight significant limitations of empirical
equations and tabulated values of current design codes, which calls for their careful and urgent
revision. The dataset revised in the present work suggests that the estimation of the compressive
strength of masonry by the prism test method would be more appropriate than the application
of formulations and tables proposed in current masonry codes. In this regard, the new Brazilian
masonry code ABNT NBR 16868-1 (2020a) presents a table that includes reference values of
prism compressive strength based on block, mortar, and grout strength. However, they must be
confirmed with experimental tests of masonry prisms during the previous characterization of
the masonry materials and during the site control of masonry construction. Site control by the
prism test method is required by ABNT NBR 16868-2 (2020b), except when the characteristic
compressive strength of the prisms obtained in initial characterization tests is greater than or
equal to twice the design characteristic compressive strength. The requirements of experimental
tests of masonry prisms of these masonry standards were needed because masonry construction
has been one of the most preferred high-rise building systems in Brazil, due to its cost-
effectiveness and ease of construction (Parsekian et al., 2018).

Furthermore, the values of secant elastic modulus of elasticity reviewed in this chapter
were compared to values of modulus of elasticity predicted by formulations proposed by EN

1996-1-1 (2005), TMS 402/602 (2016), AS 3700 (2018), and CSA S304 (2014), as presented
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in Figure 13b. Table 6 shows models proposed in different masonry codes to determine the
short-term secant modulus of elasticity of masonry (Ex), in addition to specific comments on
their application to the experimental dataset of the present review. When necessary, values of
prism strength were used to estimate the masonry strength [fi/f, ratios of 0.7 and 0.6 were used
for masonry made with hollow and solid units, respectively, as prescribed by the ABNT NBR
16868-1 (2020a) standard].

Figure 13b indicates that formulations to predict the modulus of elasticity proposed by
CSA S304 (2014) are more conservative than those prescribed by EN 1996-1-1 (2005), ABNT
NBR 16868-1 (2020a), and TMS 402/602 (2016). Although AS 3700 (2018) could be applied
to very few works revised in this chapter, it was possible to realize that this standard provided
conservative stiffness predictions, since most of the points were located under the equality line.
Again, significant amount of data was reasonably far from the equality line of Figure 13b. The
worst predictions of modulus of elasticity were observed in masonry prisms with high stiffness.
Thus, future studies should mainly focus on improvements of the predictive ability of masonry
prisms constructed with high-strength components.

Table 6 - Formulations for prediction of masonry compressive strength and comments about their application in
comparisons developed in the present study.

Equation Formulation Specific comments Source
— EN 1996-1-1
(5) E, =1000f, - (2005)
(6) E P 700fk Equation applied to clay masonry T™MS
402/602
@) E P 900 fk Equation applied to concrete masonry (2016)

Equation applied to masonry
constructed with M2 or M3 These formulations
8) E P 700 fk mortars, and clay units with  could not be applied
characteristic compressive to studies that used
strength from 5 to 30 MPa mortars that could
Equation applied to masonry  not be classified as
constructed with M3 or M4 M2, M3 or M4

9) Ek = 1000fk mortars, and clay units with ~ mortars prescribed
characteristic compressive by AS 3700 (2018),
- . AS 3700
strength > 30 MPa as this information
- ; . (2018)
Equation applied to masonry was required to
constructed with M3 or M4 choose the suitable
(10) E © = 1000fk mortars, and concrete units ~ equation. Moreover,
with density > 1800 kg/m3 they could not be
and calcium silicate units applied when the
Equation applied to masonry  density of concrete
— constructed with M2 or M3 units was not
an Ek =750 f k mortars, and concrete units provided
with density < 1800 kg/m3
(12) E =500 f Equation applied to masonry constructed with thin CSA S304
k k mortar bed and aerated autoclaved concrete units (2014)
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(13) Ek -850 fk <20GPa Equation aplzgi(iri(ierrz)a;sggry coinstructed with
Yy units

Equation applied to masonry constructed with
(14) Ek =800 f p concrete units with characteristic gross area
compressive strength <20 MPa
Equation applied to masonry constructed with

(15) E =750f » concrete units with characteristic gross area ABNT NBR
compressive strength of 22 and 24 MPa 16868-1
Equation applied to masonry constructed with (2020a)
(16) E P 700 f » concrete units with characteristic gross area

compressive strength > 26 MPa

A7) E, =600f, Equation applied to clay masonry

Source: Author (2024).

2.4. STRESS-STRAIN RELATIONSHIP OF MASONRY PRISMS

The stress-strain relationship is one of the most important parameters for the design of
masonry elements under compression. It depends on some interrelated test parameters,
including the mechanical properties of units, mortar, and grout (Yang et al., 2019). Theoretical
methods for masonry design and analysis of its structural behavior usually assume mechanical
properties or constitutive equations obtained from standard test methods of units (Barbosa and
Hanai, 2005). The reproduction of the actual masonry conditions for suitable laboratory
characterization of the units is challenging. For example, the uniaxial compression tests of units
do not reproduce their interaction with mortar and grout. In addition, these tests do not
reproduce the state of stress of the units inside a masonry element due to the existing
confinement effects of the press loading platens on the ends of the specimens (Barbosa et al.,
2010). Other strategy proposed in previous works was the mechanical characterization of
samples extracted from the units, even though some uncertainties may appear due to the
geometry of these samples (Barbosa and Hanai, 2005; Barbosa and Hanai, 2009).

Uniaxial compression tests of mortar specimens casted in non-absorbent molds also do
not represent the mechanical behavior of the actual mortar in masonry prisms, as the mortar is
laid in-between the units, which are absorbent and are subjected to a triaxial stress state
(Lakshani et al., 2020; Mohamad et al., 2007, 2018). Lakshani et al. (2020) recently reported
the results of an experimental program carried out to empirically correlate the unconfined
compressive strengths of different types of masonry mortar specimens (e.g., mortar cubes of
50 mm and 70 mm, prisms of 160 mm x 40 mm x 40 mm, cylinders with diameters of 100 mm
and 200 mm, and slates extracted from masonry joints measuring 50 mm x 50 mm x 10 mm).

In complement, Makoond et al. (2020) recently found the relationship between the static and



72

dynamic modulus of elasticity of cement and lime mortars (prismatic specimens of 160 mm x
40 mm x 40 mm) used for construction of masonry elements. However, the compaction degree
of mortar specimens casted in prismatic and cylindrical molds is higher than that applied in the
masonry joints. Strength and stiffness of mortar usually increases with furthering compaction,
as it increases the density and decreases the porosity of the cementitious matrix (Patterson and
Pavia, 2012). Consequently, numerical models of masonry elements usually present bed mortar
with values of modulus of elasticity that are slightly lower than those obtained from prismatic
or cylindrical mortar specimens.

Since masonry elements are made of different constituents, they can exhibit typical non-
elastic and anisotropic behavior. Previous works (Mohamad et al., 2007, 2017) reported that
the stress-strain curves of masonry prisms made with units stiffer than the mortar exhibited
significantly higher non-linearity up to the peak load than prisms constructed with mortar
comparatively stiffer than units. Figure 14 shows the vertical compressive stress-strain curves
of three different prisms constructed with hollow concrete blocks (f5 .. equal to 23.1 MPa) and
three types of mortars (mortar type I with f,, of 19.8 MPa, mortar type II with f,, of 7.2 MPa,
and mortar type III with f,;, of 4.4 MPa). The prism produced with mortar type I presented an
almost linear stress-strain curve before and after a slight release of strain due to a sudden crack
at a stress/strength ratio of about 60%. The crack propagated through the unit, and the prism
finally split into two halves, without crushing of the mortar joint. The prisms with mortar types
IT and III presented a gradual non-linear increase in compressive strains with an increase in
stress. Although a sudden crack at a stress/strength ratio of 60% was also observed in the prism
with mortar type II, the strong non-linear behavior is an indication of changes in stress state of
the mortar and/or propagation of micro cracks inside the mortar. In fact, localized crushing and
crumbling of mortar joint were verified in prisms with mortar types II and III. These findings
were complemented by Camacho et al. (2015), based on the determination of stress-strain
curves of ungrouted prisms and prisms filled by grout and/or steel reinforcement.

Similar trends were observed by Ravula et al. (2017) in the stress-strain curves of prisms
constructed with solid clay bricks with compressive strength of 7.4 MPa, combined to different
mortar types: a weak mortar (1:6) with f, of 5.80 MPa, and a strong mortar (1:3) with f,, of 7.95
MPa. They observed that prisms produced with the 1:6 mortar exhibited a significantly higher
level of pre-peak non-linearity, in comparison to specimens made with the 1:3 mortar. These
results also indicated that the prisms with mortar stiffer than the units presented a more brittle

failure mode, since a very rapid load decrease occurred in the post-peak.
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Figure 14 - Stress-strain curves of prisms produced with different combinations of mortar and unit strengths.
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Source: Adapted from Mohamad et al. (2018), as permitted under the Creative Commons Attribution License
Agreement.

In addition, the Poisson's ratio of the mortar joint cannot be determined as an elasticity
theory parameter in a straightforward manner (Drougkas et al., 2019). At first, the Poisson’s
ratio decreases with the increase in the compressive load, until reaching a minimum value /.
After that, the Poisson’s ratio increases to very high values up to the failure, so that it is
significantly influenced by the existing triaxial stress state (Mohamad et al., 2007).

A novel rational model for non-linear stress-strain curves of concrete brick masonry under
compression was also proposed by Yang et al. (2019). The proposed stress-strain relationship
accounts for mortar strength values higher than the strength of the units (fin,cus/fp,ner ratio ranging
between 249.1% and 353.9%, as indicated in Table 4). The model provided results very close
to those observed in the experimental tests from the beginning, through the ascending branch,
to the 50% of the peak stress in the descending branch. In the final stage of the descending
branch, the model provided lower ductility than the experimental test results, which was
attributed to the effects of the confined condition of the specimens in the tests. Therefore,
further experimental tests of prisms subjected to different test set-ups are required to explain
the differences. Despite this, the proposed models were found to contribute towards the
mathematical simplicity of analytical modeling in such specific case scenarios.

A new methodology for determination of the compressive stress-strain curves of grouted
masonry produced with I-type concrete units was also proposed by Ouyang et al. (2019), based
on the softened compression constitutive law of concrete. The authors observed that this theory
was able to provide a reliable and accurate prediction of the stress-strain relationship when the

compressive strength of grout was lower or close to the block strength. However, the proposed
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model presented good applicability and modifiability, since it can be modified with different
constitutive laws and deformation ratios within the proposed theoretical frame.

Drougkas et al. (2019) expanded a model for micro-mechanical analysis of prisms and
wallettes under compression, in order to include shifting values for the Poisson's ratio of mortar
under increasing vertical load. It was possible to realize the inadequacy of considering a
constant mortar Poisson's ratio for the accurate micro modeling of masonry. Moreover, the
development of damage was found to change significantly when the variations in the Poisson's
ratio of mortar were taken into account. Detailed studies about the development of the Poisson's

ratio in mortar joints under different levels of confinement are strongly recommended.

2.5. MONITORING OF STRUCTURAL PERFORMANCE AND INTEGRITY OF
MASONRY PRISMS UNDER COMPRESSION

The integrity and the resistance of structural masonry elements is compromised due to
degradation and worn-away processes associated with fatigue, aging and weathering
conditions. Monitoring the damage evolution and the structural behavior of masonry elements
is significantly important. Cracks may be caused by excessive loads or different imposed
deformations (e.g., soil settlements, temperature variations, shrinkage, irreversible expansion,
moisture changes, among others) (Luchin et al., 2020; Pulatsu et al., 2020).

The application of performance-based design methodologies and adequate techniques for
monitoring of structural behavior of existing masonry require a deep understanding of nonlinear
mechanical properties of their components, in addition to the structural morphology of the
buildings (Caprili et al., 2017; Formisano et al., 2018; Luchin et al., 2020). It becomes
particularly relevant in historical structures, as they are usually constructed with specific
constitutive materials, resulting in very irregular elements and great variety of masonry

typologies (Caprili et al., 2017; Luchin et al., 2020; Sarhosis et al., 2018).

2.5.1. Minor-destructive tests of masonry prisms

Many studies have proposed the application of minor-destructive tests (MDT) for the
investigation of performance and integrity of masonry elements, since they provide a direct
evaluation of masonry properties by only causing negligible damage to small or superficial
portions of the structural member. MDT techniques are classified into two different categories:

(i) in-situ experiments performed directly on masonry structural elements, and (ii) laboratory
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testing of small field-extracted samples (Pela et al., 2018a). Some examples of MDT applied to

masonry prisms are presented in Figure 15.

Figure 15: Minor-destructive tests (MDT) applied for characterization of masonry prisms: (a) mechanical tests of
field-extracted prisms; (b) prisms made with field-extracted units; (c) double punch test of mortar joints; (d)
penetrometer test of mortar joints of prisms; (e) pneumatic pin penetration test of mortar joints of prisms; and (f)
flat-jack test of masonry prisms.

a)|  Mechanical tests of field- b) | Mechanical tests of prisms made ¢) | Double punch test (DPT)
extracted masonry prisms with field-extracted units of mortar joints

d) Penetrometric measurements in mortar joints of
masonry prisms

e) Pneumatic pin penetration test of
mortar joints of masonry prisms

Measurement
" points

Source: Adapted from (a) Almesfer et al. (2014), as permitted under the Creative Commons Attribution License
Agreement; (b) Russo et al. (2008), with permission from the International Masonry Society; (c) Latka and
Matysek (2020), as permitted under the Creative Commons Attribution License Agreement; (d) Latka and

Matysek (2018), as permitted under the Creative Commons Attribution License Agreement; (e) Oliveira et al.
(2012), as permitted under the Creative Commons Attribution License Agreement; and (f) Medeiros et al.
(2020), Copyright 2020, with permission from Elsevier.

Regarding the first category of MDT, previous studies have proposed the extraction of

masonry prisms from existing masonry buildings to be tested in laboratory (Lumantarna et al.,
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2014; Song et al., 2018). In this context, the experimental tests carried out by Almesfer et al.
(2014) and Lumantarna et al. (2014) indicated that laboratory-constructed clay masonry prisms
adequately replicated those from the field-extracted samples (Figure 15a), so that predictive
equations and a numerical compression stress-strain model could be developed based on the
results of compression tests. These experimental prism results were recently used by Miiller
and Graubner (2021) to develop a practice-oriented method for determining characteristic
values and partial safety factors for the compressive strength of existing masonry.
Compression tests of prisms made with field-extracted units, diametral compression tests
of small core samples removed from existing brickwork, and double punch test (DPT) of on-
site extracted mortar joints are other examples of MDT (Latka and Matysek, 2018, 2020;
Marastoni et al., 2016; Pela et al., 2015, 2018b). For example, Russo et al. (2008) developed a
mechanical characterization of stack-bond prisms produced with fire-damaged clay bricks
extracted from a historic masonry structure that was partially destroyed by a fire accident
(Figure 15b). Although mechanical and thermal properties of masonry units and mortar exposed
to elevated temperatures vary considerably and may not be easily determined (Maraveas et al.,
2013, 2014), the MDT of field-extracted prisms developed by Russo et al. (2008) were able to
provide reasonable estimation of the residual compressive strength of the fire-damaged
structure. Drougkas et al. (2016) tested stack-bond prisms made with cylindrical cores from
solid clay units and pure lime mortar. Their experimental results indicated that the application
of the coring method for extracting samples from masonry units is an interesting choice for
investigation of existing structures. Latka et al. (2019) constructed stack-bond prisms with solid
clay units and cement-lime mortars and developed a mortar mechanical characterization based
on DPT tests of 5 cm x 5 cm x 1.2 cm cut out from the bed joints of the prisms (Figure 15c).
The second category of MDT includes the use of portable instruments for the
development of in-situ experiments that are easily carried out on the construction site and are
minimally invasive to the structure (Pela et al., 2018a). Many laboratory studies have
investigated the application of these MDT for characterization of masonry prisms under
compression. For example, Latka and Matysek (2018) estimated the compressive strength of
the mortar joint of clay brick prisms subjected to uniaxial compression, based on correlations
with physical magnitudes obtained from a penetrometer test (PT). This test provides the value
of the immersion of a steel needle in the mortar joint of the masonry prism, due to the repeated
loading of the needle with a constant force, as presented in Figure 15d.1 (dredging of the PT

hole) and Figure 15d.2 (penetrometric deep measurements). Latka and Matysek (2018) stated
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that the penetration distribution obtained from the PT indicated that the mortar in the bed joints
was characterized by high homogeneity and an average compressive strength of about
2.41 MPa. The authors also reported a very small difference (0.13 MPa) between the
compressive strength of the mortar joints determined by DPT and PT methods.

Oliveira et al. (2012) applied a pneumatic pin penetration test (PPPT) to evaluate the
penetration depths of steel probes into the mortar joints of prisms made with hollow concrete
blocks (Figure 15e.1) subjected to uniaxial compression. A total of ten depth measurements
were performed over each one of the two mortar joints of the prism (Figure 15e.2) and then
correlated with the compressive strength of the material. The authors observed a good
correlation between the penetration depth of pins and the compressive strength of the prism’s
mortar, so that PPPT was considered a practical test for characterization of masonry mortars
with compressive strength ranging between 1.5 MPa and 20 MPa.

Another popular slightly destructive method for structural diagnosis of masonry elements
is the flat-jack testing (Alecci et al., 2021; Guadagnuolo et al., 2020; L.atka and Matysek, 2020).
In a very recent paper, Medeiros et al. (2020) investigated the mechanical behavior of hollow-
concrete prisms produced in laboratory and subjected to uniaxial compression (Figure 15f.1),
hollow-concrete prisms removed from a masonry wall (Figure 15f.2) and subjected to uniaxial
compression, and hollow-concrete masonry subjected to flat-jack testing (Figure 15f.3). The
elastic modulus obtained from the flat-jack tests was extremely close to the elastic modulus of
prisms removed from walls (the difference was about 2%). Moreover, a maximum difference
of 3.3% was observed between the elastic modulus estimated with the flat-jack tests and the
elastic modulus of the stack-bond prisms produced in laboratory. The authors developed a novel
flat-jack equipment that solved some limitations (geometry and maximum applied pressure)
and allowed the application of this technique for investigation of modern masonry structures

constructed with high-strength concrete blocks.

2.5.2. Non-destructive tests of masonry prisms

Sometimes, the extraction of masonry prisms or masonry components for prediction of
the mechanical properties of masonry structures cannot be carried out due to site conditions. In
the cases of heritage masonry structures, experimental investigations must respect their intrinsic
cultural value (Latka and Matysek, 2020; Luchin et al., 2020; Marastoni et al., 2017; Mishra et
al., 2020; Pela et al., 2018b). In these situations, one must rely on the data collected from non-

destructive tests (NDT). NDT are not invasive to the structure and provide safety, enhance the
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life of masonry elements, and reduce diagnostic uncertainties (Marastoni et al., 2017; Mishra
et al., 2019, 2020; Pela et al., 2018b). Then, they are technical alternatives that can successfully
meet requirements of preservation, safeguard, and valorization of masonry architectural
heritage (Lacidogna et al., 2016).

Despite being an advanced technology, the application of NDT on masonry structures can
be frustrating because the interpretation of NDT results of highly heterogeneous elements is
often difficult (Martini et al., 2020). In this regard, artificial neural networks have been
successfully used in recent studies (Armaghani et al., 2021; Martini et al., 2020) for
interpretation of NDT dataset and mechanical characterization of anisotropic materials, such as
granite stone masonry panels. Mishra (2021) carried out a very recent review of various
machine learning techniques applied to analyze NDT data and assess the health condition of
masonry buildings.

NDT techniques can rely on different theoretical principles and provide various
information about the physical properties of masonry elements. Different acquisition techniques
with non-destructive nature (e.g., unmanned aerial vehicles, laser scanning, ground penetrating
radar, interferometric synthetic aperture radar, infrared thermography, electrical impedance
tomography, among others) can provide a geometric basis for structural analysis of masonry
structures and contribute to the quantification of structural damage (Alani et al., 2020; Biscarini
et al., 2020; Cavalagli et al., 2020; Kassotakis and Sarhosis, 2021; Riveiro et al., 2016).
However, previous studies on the application of NDT for characterization of masonry prisms
have focused on acoustic and digital image correlation techniques.

Many NDT methods are based on the transmission of sonic or electromagnetic waves
through the masonry elements (Luchin et al., 2020; Marastoni et al., 2017). Various recent
studies (Dizhur et al., 2017; Makoond et al., 2020; Marques et al., 2020; Nalon et al., 2018;
Vasanelli et al., 2020) have reported results of ultrasonic pulse velocity (UPV) tests of different
types of masonry units and mortars. Since the formation and development of damage release
energy inside masonry materials, acoustic emission (AE) techniques have also been used to
detect elastic wave released by damaged masonry prisms (De Santis and Tomor, 2013; Wu et
al., 2019). De Santis and Tomor (2013) recorded signals from AE sensors (L1 and L2) installed
at the mid-height of stack-bond clay prisms subjected to uniaxial compression (Figure 16a and
Figure 16b). AE amplitude and energy values suggested three different crack stages associated
with compaction, micro-cracking, and macro-cracking prior to failure (Figure 16¢ and Figure

16d). Approximate AE amplitudes and energy levels observed in mortar and brick specimens
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suggested that early cracking occurred in the mortar joints, whereas damage in the units only
appeared close to the failure. In a recent work developed by Wu et al. (2019), AE sensors were
arranged in the middle of sides of clay brick prisms subjected to uniaxial compression and were
able to qualitatively reflect their damage condition. High amplitude and energy values in the
low-frequency band could be used as symptoms of loss of bearing capacity, which offers
promising application for crack monitoring and damage assessment of masonry structure
buildings.

Figure 16 - Non-destructive tests (NDT) applied for characterization of masonry prisms: (a) acoustic emission
tests and (b) digital image correlation tests.
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Source: Adapted from (a) De Santis and Tomor (2013), Copyright 2013, with permission from Elsevier and (b)
Zahra et al. (2021), Copyright 2021, with permission from Elsevier.

An optical technique known as digital image correlation (DIC) has been proposed to
monitor the deformations at the surface of masonry prisms, by tracking random speckle patterns
assigned to their surface, based on fundamental photogrammetry and digital image processing
rules. The gauge length used for calculation of the deformations can be assumed between any
set of points captured by DIC. Consequently, it is possible to perform spatially continuous
measurements of displacements across the surface area of units and/or mortar joints of masonry

prisms (Bolhassani et al., 2016; Kumar et al., 2019; Ravula and Subramaniam, 2017; Zahra,
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Thamboo and Asad, 2021). Used DIC to monitor the average longitudinal strain on the surface
of prisms produced with a weak mortar (Figure 16b.1), a medium-strength mortar (Figure
16b.2), and a strong mortar (Figure 16b.3). The technique was able to indicate that increases in
mortar strength have slightly reduced the axial deformation capacity of masonry prisms.
Damage can also be evaluated with the DIC technique, based on the analysis of the
development of cracks on the surface of the prisms. Ravula et al. (2017) indicated that cracks
can be identified as closed contours with very high strain gradient in a given area of interest of
the surface of masonry prisms. They observed that the initiation of a vertical crack close to the
brick-mortar interface of a compressed prism specimen coincided with the onset of non-
linearity in its stress-strain curve. Therefore, the authors concluded that DIC images can be used
to monitor crack propagation and predict the manifestation of a failure mode of masonry prisms.
The incorporation of nanomaterials into construction materials to provide them with
multifunctional properties has received considerable attention over the last years (Birgisson et
al., 2012b; Du et al., 2019, 2020b). Conductive carbon nanomaterials have been recently used
to produce smart materials with an intrinsic ability to monitor strain and detect structural
elements' damage (Dong et al., 2019; Nalon et al., 2020; Tian et al., 2019). To produce smart
masonry elements, Ubertini et al. (2017) doped solid clay masonry bricks with different
contents of carbon nanotubes (0%, 0.5%, 0.75% and 1% by total composite weight). The bricks
with nanomaterials presented an evident intrinsic sensitivity to external loads, whereas the
normal clay bricks do not exhibit any relevant stress sensitivity. Therefore, the authors
concluded that the electrical output of their nanomodified self-sensing bricks seem to a

promising novel NDT method to characterize masonry elements.

2.6. CONCLUSIONS

This chapter presented a careful review on the significant progress on the understanding
of the compressive behavior of masonry prisms. Many conclusions derived from the present
review can be drawn as follows:

(1) The failure mode of ungrouted masonry depends on whether the mortar joint is

weak or strong relative to the masonry units. The dataset evaluated in the present
review revealed that mortar crushing has been observed in prisms with fin,cun/fb,ner

ratio ranging between 13.5% and 40.1%, tensile splitting failure of units has been
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predominant in prisms with fi, cub/fv,ner from 31.6% to 121.9%, and unit crushing has
been the failure mode of prisms with fi, cun/fp,ner from 87.2% to 778.5%.

(2) The rupture mechanisms of grouted prisms with fg ¢y /foner ratios from 87.5% to
235.7% are mainly characterized by tensile failure of weak block shells around a
strong grout core. In contrast, prisms with fg cyi /foner Tatios from 56.3% to 85.4%
typically fail by premature vertical cracks in the block shells due to excessive lateral
expansion of the grout core. When previous studies used fg cyi /foner ratios from
80.7% to 113.3%, it was possible to match the deformation properties of blocks and
grout, so that they worked together as a monolithic resistant system.

(3) Numerous types of masonry components (e.g., eco-efficient masonry components,
nanomodified masonry components, high-strength concrete blocks, lightweight
units, I-type blocks, polymer adhesive mortars, non-shrink grout, preblended
cement-based materials, among others) affect the mechanical properties and failure
mechanisms of masonry prisms. Other parameters such as new curing, mortar
bedding, and grouting procedures also influence the compressive behavior of
masonry prisms. This chapter revised some details that demonstrate that the
compressive behavior of prisms constructed with innovative components is very
complex, and explanations of different phenomena have been obtained through
experimental investigations of many variables.

(4) Mutual effects of unit and mortar strength on mechanical properties of ungrouted
prisms were observed in 3D surfaces and contour graphs constructed with the
reviewed dataset. When low-strength units were used, increases in mortar strength
caused marginal increases in ungrouted prism strength, since unit failure usually
governed the failure mode. Moreover, gains of ungrouted compressive strength due
to the enhancement in unit strength were lower when low-strength mortars were
used, since the rupture was mainly governed by mortar crushing. Improved
mechanical performance of ungrouted prisms was graphically observed when the
Smcub / foner Tatios were between 31.6% and 121.9%, situation in which tensile
splitting of masonry units was the observed failure mechanism.

(5) Analyses of 3D surfaces and contour graphs were also used to visualize the mutual
effects of unit and grout strength on mechanical properties of grouted prisms. From
these observations, it may be inferred that lower values of mechanical properties

have been reported when strong grout is combined with significantly weak units,
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and vice versa. The best mechanical performance has been reported when the
J¢/ foner 1atio is between 80.7% and 113.3%. However, high compressive strength
values were also observed in some regions outside the limits of this range. For
example, in prisms constructed with fi/ fyner ratio lower than 80.7%, the use of
modern high-strength units was able to prevent the premature vertical cracks of
masonry shells due to excessive lateral expansion of the grout. In prisms
constructed with fo/ fp ner ratios higher than 113.3% and high-strength grout, a strong
grout column could withstand increasing compressive load, despite the rupture of
the blocks’ shells and webs.

(6) Values of compressive strength and modulus of elasticity experimentally obtained
in different studies reviewed in this research were plotted against predicted values
of European, American, Canadian, Australian, and Brazilian codes. Significant
amount of data was reasonably far from the equality line of predicted versus
obtained compressive strength (or modulus of elasticity). Then, the dataset revised
indicated that the estimation of the compressive strength and modulus of elasticity
of masonry by the prism test method would be more appropriate than the
application of empirical equations and tabulated values proposed in current
masonry codes. The significant limitation of the formulations of current design
codes calls for their careful and urgent revision.

(7) Analyses and comparisons of previous studies demonstrated the mutual
dependency of different factors affecting the compressive behavior of masonry
prisms (e.g.; mutual effects of joint thickness, mortar/unit strength ratio, and type
of mortar; mutual effects of grouting and mortar/unit strength ratio; mutual effects
of bedding approach, type of unit, and mortar/unit strength ratio; mutual effects of
prism bonding arrangement, type and size of units; length to thickness ratio and
height to thickness ratio of prisms, among others). Available models for prediction
of prism strength and stiffness usually consider only a few factors, so that poor
predictive ability has been observed in different situations.

(8) The present assessment has proved the relevance of elucidating and summarizing
the mechanical performance of masonry prisms associated with case scenarios that
are not conventionally applied in masonry construction. This review addresses
issues often neglected in past literature, such as new insights on the use of mortar

joints significantly stronger than the units and vice versa.
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(9) Novel stress-strain models of masonry elements have been developed to reflect a
series of different aspects, such as the non-linear behavior of masonry components,
geometry of masonry specimen, mutual factors affecting the prism structural
behavior, changes in Poisson's ratio with the confinement level of mortar joint,
among others.

(10) Strategies for structural investigation of existing masonry buildings were
demonstrated in this manuscript, based on previous studies dealing with the
characterization of in-situ extracted masonry prisms and application of various
MDT and NDT for strain monitoring and damage detection in masonry prisms. It
was possible to conclude that masonry prisms can be successfully used to study
existing and innovative MDT and NDT that are essential to characterize existing

masonry structures and monitor stress, strain and damage propagation.

2.7. LIMITATIONS AND FUTURE DIRECTIONS

The review of the current state-of-the-art on the compressive behavior of masonry
prisms allowed the identification of different limitations, knowledge gaps, and uncertainties
that can be interesting research directions in future studies, as follows:

(1) Most studies have only investigated factors affecting the compressive behavior of
prisms constructed with normal-strength units. Then, relevant future investigations
should focus on explorations of ungrouted and grouted prisms made of high-
strength units, considering different bedding approaches, bonding arrangement,
production and curing methods, among other factors.

(2) The incorporation of wastes into building materials for the development of eco-
friendly masonry components will positively improve the sustainability of the
construction industry. However, many uncertainties remain in the effects of reusing
different types of recycled admixtures on the compressive behavior of masonry
elements. Therefore, future studies are needed to investigate the eco-efficiency of
prisms constructed with waste-based components, considering their mechanical,
environmental, and durability performance.

(3) Previous studies mainly revealed and predicted the short-term response of masonry
prisms under compression, so that detailed analyses are required to better

understand their long-term structural behavior.
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(4) Different uncertainties have been observed in the stress and strain states of the
mortar joints of prisms under perpendicular compression. Particularly, future
studies on Poisson's ratio variations in prisms’ mortar joints under different
confinement levels are of significant importance.

(5) Many uncertainties in the mechanical behavior of masonry prisms are associated
with the application of inappropriate models to describe the mechanical behavior
of masonry constructed with soft units and relatively high-strength mortars. Further
studies are recommended to develop applicable stress-strain curve models and
strength/stiffness predictions to prisms produced with mortar stronger than units.

(6) Most studies revised in this research tested six or more specimens to determine the
mechanical properties of masonry prisms. High degree of scatter was observed in
these tests, which is mainly due to the heterogeneous nature of masonry
components and the high complexity of unit/mortar interfacial effects. Future
studies on this field should test six or more specimens to get representative strength
and stiffness values and estimate the natural variability of compression test of
masonry prisms.

(7) In-depth studies on the durability properties of masonry prisms are strongly
recommended, since the previous studies have mainly focused on their mechanical
performance.

(8) Measurement, processing, and classification of UPV and AE signal parameters
obtained from masonry prisms and comparisons with field experiments would be
of great interest for the development of experimental database and continuous
detection of damage in masonry elements.

(9) Experimental research on nanomodified masonry elements are still in their initial
phase. It is pertinent to expand comprehensive and comparable studies
investigating the compressive strength, modulus of elasticity, and failure
mechanisms of masonry prisms constructed with various types of nanomodified
units, mortars, and grout. Future works are also recommended to explore
synergistic effects of potential combinations of various nanomaterials on the

compressive behavior of prisms made with nanomodified components.
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3 EFFECTS OF HIGH TEMPERATURES ON THE
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This chapter has been published as the following
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Abstract: The structural performance of civil structures exposed to elevated temperatures
has been investigated in many recent works. Some of these studies evaluated the residual
mechanical behavior of masonry prisms subjected to high temperatures, as these specimens
are simplified models (2—5 units in height) that can be easily produced and tested, in terms
of operational and economic factors. However, there is no previous literature review on the
mechanical properties of fire-damaged masonry prisms. Therefore, this chapter presents an
investigation of the current state-of-the-art on this topic. It provided a careful review of the
recent knowledge on the failure mechanisms, residual compressive strength, modulus of
elasticity, and stress-strain behavior of masonry prisms made with different types of units,
mortars and/or grout, after exposure to different types of thermal treatments. Based on the
revised information, future research directions on the scientific field of masonry structures

were reported.

Keywords: Masonry prisms, mechanical performance, fire.

3.1. INTRODUCTION

The high complexity of the structural behavior of masonry elements is significantly
increased when they are exposed to high temperatures. The combination between mechanical
behavior of fire-damaged units and mortars governs the overall performance of masonry
elements under fire conditions (Bosnjak et al., 2020; Medeiros et al., 2021). The importance
of studying the effects of fire on structural elements is justified by the fact that high

temperatures change the physical, chemical and mechanical properties of the materials,
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leading to possible strength/stiffness losses and building collapse risks (Neves et al., 2022;
Pires et al., 2018; Rodrigues and Moreno Junior, 2017).

Since the masonry elements are mainly subjected to compressive loads, the
determination of the compressive behavior of fire-damaged masonry provides a valuable
dataset for the development of strategies for preservation of human lives and structural
diagnosis of masonry structures. Based on the residual strength and stiffness of fire-damaged
structures, the engineers can check their loadbearing capacity and decide whether they can
be repaired for reuse or not (Cho et al., 2017; Ha et al., 2016; Nalon et al., 2021).

Some studies on the effects of high temperatures on masonry structures have been
developed over the last decades and reviewed by some authors (Russo and Sciarretta, 2013;
Torregrosa and Diez, 2015; Yassin et al., 2018). Other works have focused on investigations
of masonry components (e.g., units, mortar and grout) exposed to elevated temperatures
(Bamonte et al., 2021; Fernandes Neto et al., 2022; Leal et al., 2022; Medeiros et al., 2022,
2023; Sciarretta et al., 2021; Yassin et al., 2020). Despite this, scarce information is still
available to provide quantitative data regarding the effects of fire on the structural
performance of masonry elements.

The post-fire behavior of masonry elements has been rarely investigated due to the
peculiarities of masonry as a composite material, high variability of geometry and type of
masonry components, and high complexity of testing programs (Bosnjak et al., 2020; Russo
and Sciarretta, 2013). Fire tests of walls and small walls are expensive and time consuming,
require complex equipment and must be developed by qualified personnel with appropriate
training. The lack of standard test methods and reliable equipment have led to a large scatter
of thermal and mechanical results of masonry components (Daware and Naser, 2021). To
solve some of these issues, fire tests of masonry prisms have been carried out due to
operational and economic benefits provided by these simple types of specimens.

The mechanical behavior of masonry prisms can simulate many important mechanisms
that characterize the complex structural behavior of full-scale masonry elements. They are
simplified models (2—5 units in height) that can be easily produced and tested (Nalon et al.,
2020; Parsekian et al., 2012; Thaickavil and Thomas, 2018). Although many review papers
have already revised the behavior of masonry walls under fire conditions (Daware and Naser,
2021; Ismaiel et al., 2022; Russo and Sciarretta, 2013; Sciarretta et al., 2021; Torregrosa and
Diez, 2015; Yassin et al., 2020), there is no previous review focused on reviewing the residual

compressive behavior of masonry prisms after exposure to elevated temperatures. To bridge
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this knowledge gap, the present work revised the current state-of-the-art on this topic,
summarizing results of residual compressive strength, static elastic modulus, stress-strain
curves, and failure modes of masonry prisms made with different types of units, mortars
and/or grout, after exposure to different types of thermal treatments.

The present chapter provided important contributions for the area of design, diagnosis,
and maintenance of masonry structures subjected to fire events, such as the (i) evaluation and
comparison of the post-fire performance of masonry prisms produced with different types of
masonry components (e.g., clay bricks, solid calcium silicate bricks, concrete blocks, cement
mortar, lime mortar, pre-blended mortar, cement-lime mortar, conventional grout, etc.); (ii)
recommendations for improvement of masonry design codes, based on the effects of the
mutual dependency of different variables that affect the post-fire behavior of masonry prisms
(e.g., maximum exposure temperature, type of unit or mortar, specimens rendering type,
cooling method, etc.); (ii1) compilation of new test methods and masonry components
investigated in recent research dealing with masonry prisms exposed to elevated
temperatures; (iv) recommendations for practical application of fire tests of masonry prisms
as cost-effective alternatives for estimation of the residual mechanical performance of fire-
damaged masonry; and (v) recommendations of future research in this scientific field.

This chapter was structured in four sections, as indicated in Figure 1. Section 3.1
presents the introduction of the chapter, which covers the research context and the original
contributions of this work. Section 3.2 presents the literature review about the effects of high
temperatures on the failure mode, strength and stiffness of masonry prisms. Section 3.3
summarizes the conclusions obtained from the content revised in this chapter. Finally,

Section 3.4 shows the limitations and recommendations for future works.

3.2. EFFECTS OF HIGH TEMPERATURES ON MASONRY PRISMS

This section presents a literature review about the effects of high temperatures on the
compressive behavior of masonry prisms. To ensure the reliability and accuracy of the
content of this review work, only research papers, dissertations and thesis with high standards
of critical appraisal were revised. Research was made using reliable search engines (Scopus,
Google Scholar, and Periédicos CAPES). Various combinations of keywords were
investigated in each database. Keywords related to the structural masonry field (e.g.,

masonry, masonry prisms, masonry wallettes, masonry walls) were combined to keywords



105

often used in studies dealing with structural fire performance (e.g., fire, high temperatures,
elevated temperatures). After a careful reading, the relevant studies (experimental works of
fire-damaged masonry prisms) were selected, important information was extracted for review
and Table 1 was constructed to summarize the main findings of the present review.

Figure 1 - Structure diagram of the present literature review chapter (f; .., is the net area compressive strength
of the units, f,cu» is the compressive strength of the mortar and f; .,;is the compressive strength of the grout).
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Source: Author (2024).

It is important to highlight that the previous research on the compressive behavior of
masonry prisms exposed to elevated temperatures is still limited. Great efforts were made to
select relevant references for the present review, avoiding the lack of transparency and
scientific evidence in the revised studies. Another limitation of the review process was the
lack of presentation of some methodological details in some papers, such as standard
deviation (SD) values, heating rate used in fire tests, and prism capping procedures.
Consequently, it was not able to present some of these results in Table 1. Since the authors
of some papers did not provide the ratio between net and gross area of the blocks, it was
estimated as 0.50 (Ramalho and Corréa, 2003), for estimation of the net area strength of
hollow masonry blocks and prisms. Other limitation that must be highlighted is the use of
different types of specimens for determination of mortar compressive strength. When
cylindrical specimens were used for mortar characterization, a cube/cylinder strength ratio

equal to 1.25 (Neville, 2011) was applied as a correction factor.



Table 1 - Previous investigations of residual compressive behavior of fire-damaged masonry prisms
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Different characteristics (e.g., material type, length, width, height, strength, etc.) of
masonry units, mortar, grout, and prisms used in previous works dealing with this topic
(Bittencourt and Antunes, 2019; Bosnjak et al., 2019, 2020; Dupim, 2019; Kiran et al., 2022;
Leal et al., 2021; Neto, 2020; Rigdo, 2012; Russo et al., 2008; Zhang et al., 2019) are
displayed in Table 1. The residual compressive behavior of prisms exposed to high
temperatures was mainly investigated in these experimental studies based on their residual
stress-strain relationships, failure mechanisms, residual compressive strength (f.), and
residual static elastic modulus (Ej).

Different methodologies were used to test the masonry prisms at high temperatures. In
some studies (Dupim, 2019; Kiran et al., 2022; Leal et al., 2021; Neto, 2020; Zhang et al.,
2019), they were exposed to a standard temperature increase defined by the ISO 834-1:1999
fire curve (ISO, 1999), which is represented in Figure 2a and Equation (1). In this
formulation, &; is the gas temperature in the fire compartment, € is the initial room
temperature, and ¢ is the time of the heating process. In other works (Bittencourt and Antunes,
2019; Bosnjak et al., 2019, 2020; Rigdo, 2012), the masonry prisms were subjected to a
heating ramp (constant heating rate) up to a maximum temperature, as indicated in Figure
2b. After reaching the maximum test temperature, it was maintained for a period of 0.5-2 h
(Table 1). Table 1 shows that different maximum temperatures levels have been used to cause
severe damage conditions to masonry prisms: 900 °C (Bittencourt and Antunes, 2019; Rigao,
2012), 1100 °C (Bosnjak et al., 2019, 2020), or application of the ISO 834-1:1999 fire curve
(ISO, 1999) up to ~970 °C (Leal et al., 2021), ~1050 °C (Dupim, 2019; Kiran et al., 2022;
Neto, 2020), or ~1080 °C (Zhang et al., 2019).

Figure 2 - Temperature versus time curves used in different methods for tests of masonry prisms.
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Source: (a) and (b) adapted from Gao et al. (2023) Copyright 2023, with permission from Springer.
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6, =6 +3451log (8t + 1) Equation (1)

In addition, Table 1 shows that different types of cooling methods have been applied
to masonry prisms, such as natural cooling inside the furnace, natural cooling outside the
furnace, fan cooling, and water cooling. The effects of these different methodologies on the
residual mechanical behavior of the specimens are discussed in the following sections.

In most of the cases, the fire tests of masonry prisms were carried out in computer-
controlled electrical furnaces, as indicated in the experimental setup of Gao et al. (2023) of
Figure 3a. In modern experimental programs, masonry prisms were also subjected to
heating/cooling procedures in gas furnaces with high heating capacity. For example, Figure

3b shows the gas furnace used by Leal et al. (2021) to heat masonry prisms and small walls.

Figure 3 - Equipment used in tests of prims exposed to high temperatures.

(a) (b)

Prism

Inside

Source: (a) adapted from Kiran et al. (2022), Copyright 2022, with permission from Wiley Company; (b)
adapted from Leal et al. (2022; 2021) as permitted under the Creative Commons Attribution License
Agreement.

3.2.1. Failure mechanisms of prisms exposed to high temperatures

Bosnjak et al. (2019, 2020) reported an experimental evaluation of ungrouted prisms
fabricated with solid clay and calcium silicate units, after exposure to temperatures up to
1100 °C and slow cooling. The failure mode of fire-damaged prisms made with clay bricks
(Figure 4a) and calcium silicate bricks (Figure 4f and Figure 4g) was governed by the mortar
joint. It happened because the mortar was the least stiff and weakest component of the prisms,
regardless of the type of unit (Table 1). At first, the joint was compressed by the units, leading
to increased deformation in the mortar joint. Consequently, high transversal tensile stresses

happened in both types of bricks, so that they failed after propagation of vertical cracks.
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Figure 4 - Failure mechanisms of masonry prisms subjected to different exposure temperature levels (Tpax).
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Source: (a), (f) and (g) adapted from Bosnjak et al. (2020), Copyright 2020, with permission from Elsevier;
(b) adapted from Russo et al. (2008) with permission from the International Masonry Society; (c), (d), (e)
adapted from Kiran et al. (2022), Copyright 2022, with permission from Wiley Company; (h) and (i) adapted
from Leal et al. (2021), as permitted under the Creative Commons Attribution License Agreement.

The exposure to high temperatures increased the difference in the stiffness of bricks
and mortar, especially for clay brick prisms. This increase may be attributed to the significant
thermal degradation of the mortar joint (physical and chemical changes happened in the
hydrated cement paste, aggregates, and interfacial transition zone) and minor damage in clay
and calcium silicate units after exposure to high temperatures. After exposure to 500 °C,
crushing of mortar joints was visible in the outer portions of the prisms. The significant
degradation of the mortar joint caused significant losses of compressive strength and modulus
of elasticity with increasing temperature, which are discussed in the next section.

Masonry prisms produced with fire-damaged clay bricks were tested by Russo et al.
(2008). The authors constructed these prisms with fire-damaged units collected from a
historic brick masonry structure in Venice after a fire event. The typical collapse of the prisms
is reproduced in Figure 4b. Localized spalling of mortar joints and vertical cracks in the clay
bricks can be observed in this image, as also reported by Bosnjak et al. (2019, 2020).

Kiran et al. (2022) investigated the post-fire behavior of clay brick prisms. After
exposure to the ISO 834-1:1999 standard fire curve (ISO, 1999) for different periods (30, 60,

90, or 120 min), the prisms plastering portion was chipped-off, in order to observe existing
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crack patterns. In specimens subjected to 30 or 60 min exposure (Figure 4c), cracking was
only visible at the point of the ultimate compressive load. In prisms subjected to 90 min
exposure (Figure 4d), most cracks were developed at the brick/mortar interface, at 70-85%
of the prism compressive strength. In these prisms, the final failure was observed at the
mortar joints. After a 120 min exposure (Figure 4e), vertical cracks close to the vertical joints
were visible at the loading stage, due to the de-bonding at the weak brick-mortar interface.

The rupture modes of ungrouted prisms made of hollow clay blocks were investigated
by Rigdo (2012). Prisms that were not exposed to high temperatures and prisms exposed to
400 °C failed by transverse block splitting. In contrast, mortar crushing was observed in
prisms exposed to 900 °C. These results evidence that the significant degradation of the joints
at higher temperatures was able to change the masonry rupture mechanisms. Therefore, the
failure mode of clay masonry prisms was remarkably affected by the thermal treatments.

Failure mode modifications due to increased exposure temperature were also verified
by Zhang et al. (2019) in clay brick prisms exposed to different times of exposure of the ISO
834-1:1999 standard fire curve (ISO, 1999). According to the authors, the first crack
appeared at 65-75%, 30-40%, and 15-20% of the failure load in specimens subjected to 0, 90
and 150 min of standard fire exposure, respectively. These authors also reported the first
experimental investigation of the effects of different cooling methods (air cooling vs. water
cooling) on the failure mode of masonry prisms. As previously observed in plain concrete
specimens subjected to fast cooling procedures, the thermal shock associated with the
application of the water-cooling method generated tensile stresses in the bricks, resulting in
severe crack and permanent deformation in the center of the specimens.

The application of a reinforced layer to the surface of masonry prisms also changed
their failure mechanisms. According to the recent work developed by Gao et al. (2023), the
different types of reinforced layers (PVA fibers reinforced layer, mixed PV A/basalt fibers
reinforced layer, mixed PVA/steel fibers reinforced layer, and ordinary plaster mortar)
delayed the failure of the internal clay-brick structure. Prisms produced with the PV A/steel
fibers reinforced layer presented the lower amount of cracks after exposure to 200 °C. After
400 °C and 600 °C, the brittleness and the damage of the different types of specimens
increased significantly. The use of steel fibers improved the bonding performance between
the reinforced layer and the masonry prism.

Leal et al. (2021) recently compared the compressive behavior of masonry blocks,

prisms and small walls after exposure to high temperatures. These different types of
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specimens were subjected of the ISO 834-1:1999 (ISO, 1999) standard fire for 70 min.
Differently from the minor thermal damage observed in clay and calcium silicate units
previously mentioned in this section, Leal et al. (2021) observed that fire-damage concrete
blocks showed superficial cracks (Figure 4h) and noticeable degradation, so that some units
could be easily broken when handled after fire exposure. A similar cracking pattern was
observed in masonry prisms and small walls, which was mainly characterized by the
formation of vertical cracks at the unit’s webs (Figure 4). Localized mortar crushing and
spalling of block portions were observed by Dupim (2019), in masonry prisms produced with
hollow concrete blocks and subjected to the ISO 834-1:1999 standard fire curve (ISO, 1999)

for 70 min.

3.2.2. Strength and stiffness of prisms exposed to high temperatures

Experimental results of the compression tests carried out by BoSnjak et al. (2019, 2020)
indicated that the compressive strength of masonry prisms made with solid clay or calcium
silicate units remained at least the same as the original compressive strength (before heating)
up to temperature levels of 700 °C, which shows the excellent fire resistance of masonry
produced with clay and calcium silicate bricks. For temperature levels higher than 700 °C,
clay brick prisms presented strength reductions up to 22%, while strength reductions higher
than 55% were observed in calcium silicate prisms. In contrast, stiffness reductions higher
than 50% were observed in both types of prisms when the maximum exposure temperature
was higher than 600 °C. The residual stiffness of the prisms reduced progressively with the
increase in the maximum temperature, mainly for temperatures higher than 300 °C, due to
the strong thermal degradation of the cement mortar joint of the prisms.

Kiran et al. (2022) evaluated the residual mechanical performance of clay brick prisms
plastered with the different lightweight mortars indicated in Table 1 (manufactured sand
mortar, vermiculite mortar, or perlite mortar), after exposure to 30, 60, 90, or 120 min of the
ISO 834-1:1999 standard fire curve (ISO, 1999). Reference prisms (without plaster) could
not resist exposure temperatures periods > 60 min. In contrast, interesting residual values of
strength and stiffness were observed in specimens plastered with lightweight mortars. Prisms
plastered with perlite mortar had better fire resistance, since they did not present strength
reductions when subjected to any heating duration. After 120 min of fire exposure, prisms
with vermiculite plaster and perlite plaster presented values of axial compressive strength

31.6% and 86.1% higher than that of prisms with sand plaster, respectively. After the same
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thermal treatment, prisms with perlite, vermiculite, and sand mortar presented elastic
modulus losses of 15%, 25%, and 60%, respectively. These results indicated that lightweight
minerals such as vermiculite and perlite behaved like sacrificial materials that can provide an
adequate thermal protection to clay brick masonry.

A trend of compressive strength decreases with temperature increases was observed by
Russo et al. (2008) in masonry prisms produced with fire-damaged clay bricks resulted from
areal fire event in Venice. The joints of these prisms were made with mortar with mechanical
properties close to those obtained from in-situ non-destructive tests with an energy
dissipation penetrometer. The compressive strength of these prisms was about 39% lower
than that of reference prisms produced with units and mortar that were not exposed to high
temperatures. In contrast, stress-strain curves revealed that reference prisms presented greater
deformability than the fire-damage prisms, which is not in agreement with the results of
Bosnjak et al. (2019, 2020). Based on micro-destructive tests with flat jacks carried out in
the field, the authors observed that the production of mortar in laboratory to simulate fire-
damage conditions can be the cause of those unexpected stiffness results.

The effects of different cooling methods on the residual compressive strength of clay
brick prisms exposed to 90 min of the ISO 834-1:1999 standard fire curve (ISO, 1999) were
reported by Zhang et al. (2019). Water-cooled masonry prisms presented a compressive
strength loss 10% greater than that of the air-cooled prisms. This result was attributed to the
sudden drop in temperature associated with the water-cooling process, which resulted in
cracks in units and mortar joints, reducing the load-bearing capacity of the specimens.

The residual mechanical properties of ungrouted prisms produced with hollow clay
blocks were studied by Rigdo (2012). The residual strengths of clay block prisms exposed to
400 °C and 900 °C were 73.0% and 48.7% of their original compressive strength (before the
heating treatments), respectively. The different strength losses observed by the authors are
attributed to the changes in the rupture mode from tensile block splitting to mortar crushing,
as discussed in the previous section.

Neto (2020) evaluated the residual mechanical properties of ungrouted prisms
constructed with hollow clay blocks. However, they were subjected to the ISO 834-1:1999
standard fire curve (ISO, 1999) for 120 min. After being exposed to temperatures higher than
900 °C, the prisms exhibited reductions in compressive strength and elastic modulus up to

93.5% and 98.5%, respectively. Comparisons between the results of Neto (2020), Rigao
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(2012), and Bosnjak et al. (2019, 2020) suggest that prisms made with hollow clay blocks
seem to be more affected by the fire exposure than prisms constructed with solid clay bricks.

The residual compressive strength of hollow clay blocks filled with conventional grout
was recently investigated by Bittencourt and Antunes (2019). Considering a 5% significance
level, no statistical difference was observed between the original strength of the grouted
prisms and their residual strength after exposure to 300 °C, 600 °C, and 900 °C. Although
deleterious effects on the grout/unit adherence and decreases in grout strength were observed
since the exposure to 300 °C, the high thermal resistance of hollow clay units provided
excellent residual mechanical properties to the masonry prisms.

All types of reinforced layers (PVA fibers reinforced layer, mixed PV A/basalt fibers
reinforced layer, mixed PV A/steel fibers reinforced layer and ordinary plaster mortar)
investigated by Gao et al. (2023) also increased the residual compressive strength of clay
brick prisms exposed to temperatures of 200 °C, 400 °C or 600 °C. The best residual strength
improvements were provided by the PV A/steel fibers reinforced layer. In addition, the load-
displacement curves obtained from compression tests of these specimens revealed that the
specimens with fiber-reinforced layers presented the highest initial residual stiffness after
exposure to 200 °C or 400 °C. On the other hand, prisms covered with ordinary plaster mortar
exhibited the largest initial stiffness after exposure to 600 °C.

Dupim (2019) carried out an experimental program that investigated the residual
compressive strength of prisms made with hollow concrete blocks. After exposure to the ISO
834-1:1999 standard fire curve (ISO, 1999) for 70 min, their compressive strength was only
14% of their original compressive strength, since both concrete and mortar joints presented
significant degradation due to the exposure to elevated temperatures. Other prisms were
covered with a 5 mm plaster layer and then exposed to the ISO 834-1:1999 standard fire
curve (ISO, 1999) for 120 min. They presented residual compressive strength values ranging
between 6% and 9% of their initial compressive strength. Comparisons between the results
of Dupim (2019) and Neto (2020) indicated that prisms made with hollow concrete blocks
were more affected by the fire exposure than prisms constructed with hollow clay blocks.

Values of compressive strength of masonry prisms and small walls of hollow concrete
blocks, after exposure for 70 min to the ISO 834-1:1999 curve (ISO, 1999), were recently
compared by Leal et al. (2021). The fire-damaged prisms and small walls yielded a
compressive strength of approximately 14% of their initial strength. According to the authors,

these results suggest that using simpler specimens (such as stack-bond prisms) can provide
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satisfactory results in the evaluation of the residual masonry compressive strength,
considering slenderness effects separately. Since prisms are specimens easier to construct
and test, the results of Leal et al. (2021) indicate that prisms are promising candidates for

future experimental analyses of masonry exposed to elevated temperatures.

3.3. CONCLUSIONS

This study reviews the effects of high temperature exposure on the compressive
behavior of masonry prisms, which is an important topic in the research field of resilient civil
structures. The following conclusions were obtained from the content re-vised in this study:

(1) The exposure to high temperatures can cause remarkable changes in the failure
mode of prisms produced with clay or calcium silicate units, due to increases in the
difference between the residual stiffness of the units and the mortar. This increase
has been attributed to the significant thermal degradation of the joint compared to
the units, so that a premature crushing of the fire-damaged mortar joint was usually
observed.

(2) The effects of fire on the failure mode of concrete block prisms were less
remarkable compared to those verified in prisms produced with clay or calcium
silicate units. In concrete block prisms, units and mortar joints were all severely
affected by the elevated temperatures, leading to slight changes in the difference
between their residual stiffness. Then, tensile block splitting, spalling of block
portions, and localized mortar crushing were reported in prisms of concrete units.

(3) Comparisons between the residual strength and stiffness of masonry prisms
demonstrated an excellent fire resistance of prisms produced with clay and calcium
silicate units, compared to prisms constructed with concrete units. The mechanical
performance after exposure to high temperatures was improved when concrete
grout was poured into the hollow block prisms. The mechanical properties of
ungrouted hollow clay block prisms seemed to be more affected by fire exposure
than prisms constructed with solid units.

(4) Experimental tests of masonry prisms have been successfully used to evaluate the
effects of different factors on the behavior of masonry exposed to high
temperatures. The following factors have been investigated in previous studies:

maximum expo-sure temperature of the prisms (using constant heating rate or
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standard fire curve), type of unit or mortar (solid clay bricks, solid calcium silicate
bricks, hollow clay blocks, hollow concrete blocks, cement mortar, lime mortar,
and cement-lime mortar), specimens rendering type (PVA fibers reinforced layer,
mixed PV A/basalt fibers reinforced layer, mixed PV A/steel fibers reinforced layer
and ordinary plaster mortar, manufactured sand mortar, vermiculite mortar, or
perlite mortar), and cooling method (air cooling, water cooling).

(5) The good agreement between the compressive strength results of masonry prisms
and small walls (before and after exposure to fire) suggested that prisms can be
considered simple types of specimens that may provide interesting insights on the

residual strength of fire-damaged masonry.

3.4. LIMITATIONS AND FUTURE DIRECTIONS

Based on the information revised in this study, some limitations and open questions
could be identified. Many issues associated with the compressive behavior of masonry prisms
exposed to high temperature need future studies:

(1) The effects of numerous variables on the post-fire mechanical properties of
masonry prisms have not yet been investigated in previous literature. Then, it is
pertinent to evaluate the influence of the following factors on the structural
behavior of prisms subjected to high temperatures: time and rate of heating, type of
aggregates used in concrete units and mortar joint, geometry of hollow blocks,
different slow and fast cooling procedures, moisture content of the prism, relative
strength of units and mortar, bedding approach, and bonding arrangement.

(2) Previous studies have only explored the mechanical performance of fire-damaged
masonry prisms made with conventional types of units and mortars. Therefore,
future studies are recommended to investigate the effects of high temperatures on
mechanical properties of prisms produced with high-strength blocks, units and
mortars incorporating wastes and recycled admixtures, nanomodified units and
mortars, polymer adhesive mortars, fiber-modified units and mortars, and other
unconventional masonry components.

(3) The current knowledge on the mechanical behavior of grouted masonry prisms
exposed to high temperatures is very limited. Thus, relevant future studies should

focus on the compressive behavior of prisms produced with different grouting
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procedures, prisms made of hollow blocks filled by grout of different mechanical
properties, and grout containing different types and dosages of shrinkage-
compensating admixtures.

(4) Future experimental works should be developed to increase the available dataset on
residual mechanical strength and elastic modulus of masonry prisms, which can be
used to develop more representative stress—strain curve models and empirical

formulations for prediction of prism strength and stiffness.
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SMART BEDDING MORTARS FOR MASONRY STRUCTURES:
4 EFFECTS OF LIME/CEMENT RATIO AND CARBON
NANOMATERIALS CONTENT ON SELF-SENSING BEHAVIOR

This chapter has been published as the following paper:
Nalon, G. H.; Ribeiro, J. C. L.; Pedroti, L. G.; Silva, R.
M.; Araiijo, E. N. D.; Lima, G. E. S. Smart laying mortars
for masonry structures: effects of lime/cement ratio and
carbon nanomaterials content on self-sensing behavior.
Cement and Concrete Composites 145 (2024) 105351.
https://doi.org/10.1016/j.cemconcomp.2023.105351

Abstract: The mechanical behavior of mortar joints directly affects the structural
performance and failure mechanisms of masonry. Since previous research did not evaluate
the effects of different lime/cement ratios on intrinsic self-sensing properties, this study
developed a factorial experiment to investigate the electrical resistivity, gauge factor, stress
sensitivity and compressive strength of mortars with different lime/cement proportions (0.25,
0,50, 1.00, 2.00, by volume) and carbon black nanoparticles (CBN) contents (0%, 3%, 6%,
9% by weight of binders). Results were explained based on X-ray fluorescence (XRF), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (FEGSEM) analyses. Increases in lime content delayed the percolation threshold
and decreased the mortars’ strength. Portlandite and calcite structures of lime increased the
distance between CBN, modifying the electron conduction mechanisms. At the end of the
percolation zone, the addition of lime increased self-sensing properties, whereas the opposite

behavior was observed at the beginning of the percolation zone.

Keywords: Structural Health Monitoring, cement-lime mortars, smart materials, mechanical

properties, piezoresistivity, microstructure.

4.1. INTRODUCTION

In the field of Structural Health Monitoring (SHM) of new and existing masonry
structures, mortar joints deserve special attention in terms of investigation of mechanical
behavior and integrity, as they are directly related to the failure mechanisms of masonry

elements. When strong mortar is used for masonry construction, cracks associated with the
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tensile splitting failure of units usually propagate through the masonry joints. In contrast, the
masonry failure mode is initiated by the mortar crushing phenomenon when weak mortar is
used (Mohamad et al., 2017, 2018; Nalon et al., 2020; Zahra et al., 2021).

Different methods have been proposed for the evaluation of mortar joints, such as
mechanical and microstructural tests of mortar samples extracted from the masonry walls,
installation of ceramic piezoelectric or capacitive sensors inside the joints, in addition to in-
situ experiments based on determining the penetration depth of a steel needle or quantifying
the energy required to drill small cavities in mortar bed joints (La Mendola et al., 2021; Latka
and Matysek, 2018, 2020; Marastoni et al., 2017; Oliveira et al.,, 2012). These
characterization methods are constrained by scalability issues and can be invasive to the
structure. Most of them do not allow continuous real-time monitoring of the structural
masonry behavior.

A new generation of multifunctional construction materials has been proposed for
SHM approaches: smart composites with stress/strain self-monitoring and damage self-
detection abilities. These composites can be produced with distinct types of conductive
admixtures that decrease their electrical resistivity, such as carbon fiber (CF), steel fiber (SF),
carbon nanotubes (CNT), graphene (G), carbon black nanoparticles (CBN), among others.
Consequently, they demonstrate detectable changes in electrical resistivity in response to
variations in stress/strain and propagation of cracks, which makes them promising
alternatives to SHM architectures (Chung, 2021; Ding et al., 2019; Dong et al., 2021; Nalon
et al., 2022; Vlachakis et al., 2020).

Most of the previous works dealt with the design, fabrication and application of self-
sensing cementitious mortars for SHM of reinforced concrete structures (Castafieda-
Saldarriaga et al., 2021; Cholker, 2021; Dinesh et al., 2022; Ding et al., 2019, 2021; Meoni
et al., 2021; Rao and Sasmal, 2020). Other recent works studied smart clay bricks for
stress/strain field assessment and damage identification in structural masonry elements
(D’Alessandro et al., 2018; Dong et al., 2020; Downey et al., 2018; Garcia-Macias and
Ubertini, 2019; Meoni et al., 2019, 2020, 2021). Monitoring mortar joints is of great
importance to evaluate the mechanical performance and integrity of masonry elements.
Despite this, few papers investigated the self-sensing properties of masonry mortars. Dimou
et al. (2022) recently observed a good self-sensing in nanomodified composites produced
with cement, metakaolin and lime (constant cement/lime ratio of 1.00, by weight). In

contrast, Drougkas et al. (2023a, 2023b) focused on the evaluation of self-sensing properties
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of pure lime mortars (cement/lime ratio of 0.00) containing different types of micro/nano
conductive admixtures. Although the combination of cement and lime is highly attractive for
production of masonry mortars, there is no systematic study about the evaluation of self-
sensing cement-lime mortars for SHM of masonry structures.

The mechanical and rheological properties of mortars with different lime/cement ratios
are widely reported in previous literature (Hernoune et al., 2020; Kaczmarek, 2019; Parsekian
and Soares, 2010; D. Zhang et al., 2018). According to these studies, cement mortars present
high strength, high impermeability and may not ensure suitable strain accommodation,
whereas pure lime mortars typically exhibit low strength, good water vapor transmission
performance and high durability. The increase in the lime/cement ratio reduces the stiffness,
improves the ability to accommodate strains, enhances the base adhesion, increases the water
retention and improves the workability of mortars.

However, there is no previous analysis of the effects of different lime/cement ratios on
compressive strength, electrical resistivity, self-sensing properties and microstructure of
nanomodified masonry mortars. The present chapter reports a pioneering experimental
analysis of the mechanical and self-sensing performance of CBN-based mortars produced
with various lime/cement ratios covered by ASTM C270 (2019), which deals with mortars
used in the construction of masonry structures. X-ray fluorescence (XRF), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy
(FEGSEM) analyses were used to clarify the experimental results at the microstructural level.
The findings of the present study provide important insights that can be used for further
design of smart self-sensing mortar joints for SHM of masonry elements.

The structure of this chapter includes four sections. Section 4.1 introduces the
development of self-sensing construction materials and their potential application in SHM
systems of masonry structures. Section 4.2 shows the materials and methods used in
experiments for determination of compressive strength, electrical resistivity, self-sensing
properties, and microstructural behavior of cement-lime mortars containing CBN. In Section
4.3, the experimental findings are presented and comprehensively discussed, after different
statistical analyses. Section 4.4 presented the concluding remarks, limitations of the present

study and some recommendations for future investigations.
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4.2. MATERIALS AND METHODS

4.2.1. Materials

Portland cement CP V-ARI with density of 3.05 g/cm3 was used in this study, which is
equivalent to the ASTM C150 (2022) Type III portland cement (Mehta and Monteiro, 2005).
The hydrated lime had a density of 2.51 g/cm3 and contents of CaO and MgO (nonvolatile
basis) > 90%, carbon dioxide < 10% and unhydrated oxides ~0%. Table 1 shows the chemical
composition of cement and lime determined by X-Ray Fluorescence (XRF) spectrometry,

using a Panalytical Epsilon 3* equipment.

Table 1 - Chemical composition (wt.%) of cement and lime determined by XRF analysis.

Oxides CaO Si0, ALO;  FeO3 MgO KO SO;  TiOy Other oxides
Cement  68.15 16.94 5.16 3.44 0.53 0.85 3.89  0.27 0.77
Lime 89.35 1.73 0.95 0.74 0.52 0.12 582 0.04 0.73

Source: Author (2024).

Natural quartzite sand with specific gravity of 2.64, maximum grain size of 2.38 mm
and fineness modulus of 2.52 was also used. The conductive admixtures used in the present
experimental program were CBN provided by Birla Carbon, with average particle size of
20 nm and with specific surface area of 120 m*/g. Polycarboxylate-based superplasticizer
(SP) with density of 1.12 g/cm3 was used to improve the dispersion of the carbon
nanomaterials, as recommended in previous literature (Monteiro et al. 2017a, 2017b; Nalon

et al., 2021).

4.2.2. Experimental design and production of specimens

A factorial experiment was carried out in this research, according to a completely
randomized design, in order to identify not only the effect of individual factors but also
interactions between them on different response variables, namely (i) electrical resistivity,
(1) gauge factor (GF), (ii1) stress sensitivity (SS) and (iv) compressive strength.

The two factors of this factorial experiment were (i) the conductive network structure
(designated as CNS factor) and (ii) the type of masonry mortar (designated as TMM factor).
The four levels of the CNS factor aimed to characterize the insulation zone and different parts
of the percolation zone of cementitious composites with CBN (Han et al., 2015; Hwang et
al., 2011; Nalon et al., 2021). The five levels of the TMM factor covered various binder
compositions defined by ASTM C270 (2019).
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As indicated in Table 2, the conductive network structures associated with the CNS
factor were produced using different CBN contents: 0%, 3%, 6% and 9% (by weight of
binders). Table 2 also shows that the binder composition variations that characterize the
different levels of the TMM factor were achieved using lime/cement ratios (1/c) of 2.00, 1.00,
0.50 and 0.25 (by volume), which characterize Type O, Type N, Type S and Type M cement-
lime mortars of ASTM C270 (2019), in addition to a series of cement mortars (lime/cement
ratio equal to 0.00), which was associated in the present work with the acronym "TC". Each
type of mortar was designated as Tx-y to provide a fast identification of the characteristics
of the materials. The term “x” indicates the lime/cement ratio (O, N, S, M and C indicate
lime/cement ratio equal to 2.00, 1.00, 0.50, 0.25 and 0.00, respectively) and the term “y”
indicates the percentage content of CBN (by weight of binders). Since the aggregate fraction
acted as an electrical insulator, a low sand/cement ratio of 0.75 (by volume) was used in all
mixtures, following a recommendation of Wen and Chung (2007) for attaining high electrical
conductivity. The use of higher sand/cement ratios would require high concentrations of

conductive admixtures to attain the same level of conductivity, which compromises the

mortar compressive strength, as discussed in the next section.

Table 2 - Raw materials consumption and mini-slump flow of each different series of composites.

CBN/binder Lime/cement Proportions (kg/m3)

ratio (by ratio (by Flow
Series ma?s) VOlume) index

associated associated Cement  Sand Lime Water CBN SP (mm)

with the with the

CNS factor TMM factor

TO-0% 0.00 437.90 284.27 720.73 461.60 0.00 0.00 84
TO-3% 0.03 200 401.20 26045 660.34 477.65 31.85 12.74 77
TO-6% 0.06 ’ 377.19 24486 620.82 481.59 59.88 23.95 71
TO-9% 0.09 35595 231.08 585.86 484.99 84.76 3391 71
TN-0% 0.00 633.76  411.42 521.55 428.58 0.00 0.00 85
TN-3% 0.03 1.00 594.16 385.71 48896 434.63 32.49 13.00 81
TN-6% 0.06 ) 55142 357.97 45379 447.77 60.31 24.12 70
TN-9% 0.09 49290 31998 405.63 481.77 80.87 32.35 69
TS-0% 0.00 833.72 541.24 343.06 38496 0.00 0.00 82
TS-3% 0.03 0.50 781.41 507.27 321.53 39335 33.09 1324 73
TS-6% 0.06 ’ 707.68 459.42 291.19 423.24 59.93 23.97 70
TS-9% 0.09 652.76  423.776 268.60 442.77 82.92 33.17 67
TM-0% 0.00 95544 620.25 196.57 373.48 0.00 0.00 80
T™M-3% 0.03 0.25 905.29 587.70 186.25 376.48 32.75 13.10 74
TM-6% 0.06 ) 793.47 515.10 163.25 427.30 57.40 22.96 67
TM-9% 0.09 75740 491.69 155.83 428.33 82.19 32.88 66
TC-0% 0.00 1083.29 703.25 0.00 378.44 0.00 0.00 80
TC-3% 0.03 0.00 1046.05 679.07 0.00 371.17 31.38 12.55 76
TC-6% 0.06 ’ 942.15 611.62 0.00 407.83 56.53 2261 71
TC-9% 0.09 864.30 561.09 0.00 433.09 77.79 31.11 65

Source: Author (2024).
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A nanosuspension of CBN, water and SP was produced with ultrasound sonication,
using a probe sonicator with a frequency of 20 kHz and a power of 50 W. A constant SP/CBN
ratio of 0.4 (by mass) and sonication energy of 450 J/mL were used in this process, which
provided appropriate dispersion of CBN in water and polycarboxylate-based SP, according
to preliminary studies. After that, the nanosuspension was mixed with cement, lime and sand
in a mechanical mixer for about 10 minutes.

To ensure that the workability of the mixtures was appropriate for masonry
construction, the water consumption increased with the increase in the concentrations of lime
and CBN. Mini-slump tests were carried out for workability control, using a Kantro cone
mold (truncated cone with top inner diameter of 19 mm, base inner diameter of 38 mm and
height of 57 mm). The Kantro cone mold was placed at the center of a flow table and filled
with three equal layers of fresh mortar. After that, it was removed and the flow table was
dropped 30 times through a height of 12.5 mm within 30 seconds. Then, the flow index was
calculated based on the spread diameter of the fresh mixture measured in three distinct
directions. The water content was adjusted to obtain a flow index (Table 2) of (70 £ 15) mm
with the Kantro cone mold, which is equivalent to the flow index of (230 = 10) mm obtained
with the methodology prescribed by ABNT NBR 13276 (2005). According to previous
literature (Parsekian et al., 2012; Parsekian and Soares, 2010), a flow index of (230 + 10) mm
is recommended for bedding mortars used in the construction of masonry structures.

The fresh mixture was poured into oiled molds in two equal layers. Each layer was
appropriately compacted with 30 strokes of a steel tamping rod. For each series presented in
Table 2, three mortar prisms of 20 mm x 20 mm x 60 mm were produced for piezoresistive
tests (designated as S1, S2 and S3), three mortar cubes of 20 mm were prepared to determine
the compressive strength of the material and one mortar cylinder of 35 mm x 70 mm was
cast for microstructural analysis. The shape and size of the specimens are in good agreement
with the recommendations of EN 12390-1 (CEN, 2019), which specify that the basic
dimension of cubic specimens must be at least three and a half times the nominal size of the
aggregates. An extra mortar prism was also produced for estimation of the load amplitude
applied in the piezoresistive tests. Copper plates of 14 mm x 30 mm x 1 mm were used as
electrodes. They were embedded into the central region of the mortar prisms in a straight line
and distance of 0.8 cm from each other. The specimens were conditioned for 72 h inside the
molds in a controlled environment room with a temperature of 20 £ 5 °C and a relative

humidity of at least 85%, in order to prevent moisture loss. The specimens were demolded
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after 72 hours and subjected to air-curing for 28 days in a moisture room (relative humidity

higher than 85% and ambient temperature of 20 + 5 °C).

4.2.3. Electrical/mechanical tests

Before the electrical/mechanical tests, the specimens were dried at 60 £ 10 °C for 72
hours and then cooled down to ambient temperature. These drying procedures were
recommended in previous literature (Han et al., 2021; Wang et al., 2019, 2021) to eliminate
the pore water and avoid undesirable effects of ionic conduction on results of electro-
mechanical tests.

The prismatic mortar specimens (with electrodes) were subjected to direct current (DC)
tests for measurements of electrical resistivity, in addition to biphasic DC measurements for
evaluation of their piezoresistive response. The cubic mortar specimens (without electrodes)
were subjected to uniaxial compression tests. An EMIC DL-60000 universal testing machine
and a constant loading rate of 0.50 MPa/s were used in these tests.

In both DC and biphasic DC tests, each mortar prism was series-connected with a
reference resistor of 1000 Q (R, as indicated in Figure 1. In DC tests, a constant voltage
source of 5V was applied using a microcontroller board (Arduino Mega 2560 R3). In
biphasic DC tests, the microcontroller board was used to apply a £5 V square wave voltage

signal with frequency of 6 Hz and duty cycle of 50%, in order to remove polarization effects.

Figure 1 - Experimental apparatus used in DC and biphasic DC tests.
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Source: Author (2024).

A LabVIEW application and an NI compact DAQ-9178 chassis with NI-9219 modules
were used to determine the voltage drop across the prismatic mortar specimen (U,,) and the

reference resistor (Urf). Ohm’s law was used to calculate the circuit’s electrical current (i)
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and the mortar electrical resistance (R), as indicated in Equation (1) and Equation (2),
respectively. In the case of biphasic DC tests, U and U,.r were measured at 80% of the cyclic
positive constant part of the square wave (Downey et al., 2017; Meoni et al., 2021; Nalon et
al., 2021). In addition, the distance (L) and the effective area (A) between the copper

electrodes were used to estimate the electrical resistivity p, according to Equation (3).

U

l- — ref (1)

Rref

U

R, =—= (2)

l
R, A .
p I (3)

The piezoresistive response of the mortars was evaluated in cyclic compressive loading
tests. To determine the loading amplitude used in the piezoresistive tests of each series, the
extra mortar prism mentioned in the previous section was subjected to a uniaxial compression
test for estimation of the specimens’ strength. After that, the other mortar prisms were
subjected to three loading/unloading cycles with amplitude of about 30% of the estimated
specimen strength. Then, a final loading cycle with load steps at 10%, 20% and 30% of the
estimated strength was carried out. As presented in Figure 2, thin insulating films of low-
density polyethylene were placed between the mortar prism and the loading plates to avoid
unwanted electrical conduction. Longitudinal strains were measured during the tests by

EMIC clip-gauges symmetrically arranged with respect to the central axis of the specimen.

Figure 2 - Experimental apparatus used in piezoresistive tests.
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Fractional changes in electrical resistivity (FCRs) due to the compressive loads were
obtained from the biphasic DC measurements described above. Values of FCR, compressive
strain (&) and compressive stress (o) were used to calculate the GF and SS of mortars that
exhibited a coherent self-sensing response. The GF and SS [Equation (4) and Equation (5),
respectively] of these mortars were calculated through the linear stretch of FCR versus strain

and FCR versus stress curves, respectively.

AR Ap

gr-FR_K _~
& £ £ )

AR Ap

SS:FCR:RO <P
o c O (5)

where Ro and po indicate the initial electrical resistance and resistivity of the specimen,
respectively, and AR and Ap indicate the changes of electrical resistance and resistivity due
to the compressive loading, respectively.
The three mortar cubes of 2.0 cm were used to determine the average compressive
strength of the mortar (f), based on the maximum compressive load supported by the

specimen (Pmax) and its cross-sectional area (S), as indicated in Equation (6).

Pmax
fmn == (6)

4.2.4. Statistical analyses

The experimental results of electrical resistivity, GF, SS and compressive strength were
subjected to Grubb’s test analyses for identification of outliers, Shapiro-Wilk tests of
normality and Bartlett tests of homoscedasticity. When required assumptions were satisfied,
a factorial analysis of variance (ANOVA) was carried out to identify the effect of different
factors and interactions between them on each response variable. After the identification of
significant differences between average values being compared, Tukey's multiple
comparison tests were used to identify which averages differ from the rest. The null
hypotheses (Ho), alternative hypotheses (Ha) and significance levels considered in all of these

statistical analyses were presented in APPENDIX 4A.
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4.2.5. Microstructural analyses

After the 28-days curing period, two slices for microstructural investigation (thickness
of about 0.4 cm) were cut from the hardened cylinders using a disk saw (top and bottom
slices of the cylinders were discarded, as they might not be representative), following the
recommendations of Scrivener, Snellings and Lothenbach (2016). After that, the cut slices
were subjected to hydration stoppage by solvent exchange using isopropanol. The hydration
stoppage enabled the study of comparatively steady microstructures, reducing the chances of
slight subsequent alterations that could eventually impact the discussions presented in the
following section. It is important to highlight that hydration stoppage makes the sample less
sensitive to the carbonation phenomenon during the sample preparation procedures, and that
different microstructural investigation techniques require dried samples to obtain reliable
data (Scrivener et al., 2016; Snellings et al., 2018).

For microscopy analysis, a small ~0.4 cm cube was cut from the center of one of the
slices to avoid wall effects. The sample was mounted on microscope stubs with double-sided
carbon tape and sputter coated with gold to improve electrical conductivity, using a Quorum
QI150RS equipment. A CBN-based paint was also used to create a conductive path from the
surface of the sample to the microscope stub. Field emission gun scanning electron
microscopy (FEGSEM) analysis was used to obtain secondary electron images of the
samples, using a TESCAN MIRA’s microscope with FEG Schottky electron emission source
(1.2 nm resolution at 30 keV).

To obtain powder samples for X-ray diffraction (XRD) analysis, the other slice was
finely ground using a No. 200 mesh (75 um) standard sieve. The powder was placed on a
sample holder and measured by XRD, using CuKa radiation (4 = 1.5418 A) in a Bruker D8-
Discover diffractometer, working at 40 kV and 40 mA. Data were collected from 5° to 70°
20 with a time per step of 1 second and 0.05° increments, resulting in a total measurement
time of approximately 20 minutes. In addition, Fourier transform infrared spectroscopy
(FTIR) analyses of the samples were carried out in a Varian 660 equipment (range of 400-

4000 cm™ and resolution of 4 cm™).
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4.3. RESULTS AND DISCUSSIONS

4.3.1. Electrical resistivity

Figure 3a and Figure 3b present the variation of DC electrical resistivity with the CBN
volume fraction and lime/cement ratio of the masonry mortars, respectively. To enable the
comparison of results presented in these figures, all DC measurements were taken 5 minutes
after the initiation of each DC test. It is important to highlight that the polarization
phenomenon was mitigated as all specimens were dried before the DC tests (~60 °C for
72 hours), ensuring that no significant water content remained in the composites' pores to
allow for any relevant ionic current flow. Results presented in APPENDIX 4A indicated that
the electrical resistivity data presented in these figures could not be subjected to an ANOVA
because normality and homoscedasticity assumptions were not met at the 5% significance
level. It can be attributed to the very sharp reduction in electrical resistivity provided by the
addition of the conductive nanomaterials and the significant difference between the standard
deviation of plain mortars and mortars produced with high contents of CBN.

Figure 3 - DC electrical resistivity of the composites versus lime/cement ratio (a) and DC electrical resistivity
versus CBN volume fraction.
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Source: Author (2024).

It was possible to observe that mortars without nanomaterials always presented very
high values of electrical resistivity (between 1.5x10° Q.cm and 1.0x107 Q.cm), regardless of
their lime content. In fact, such high values of electrical resistivity have been widely observed

in dried cementitious materials without conductive admixtures (Hou and Lynch, 2005; Yoo
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et al., 2017; You et al., 2017). In contrast, contents of 6% and 9% of CBN (by mass of
binders) enabled the production of very conductive composites with electrical resistivity
values (between 1.4x10% Q.cm and 2.0x10° Q.cm) up to five orders of magnitude lower than
the values of electrical resistivity of plain mortars.

Since significant and progressive reductions in electrical resistivity were provided by
contents of 6% or 9% of CBN (by mass of binders), it is possible to infer that these
concentrations were beyond the percolation threshold. The high electrical conductivity of
these mortars can be attributed to electronic and contact conduction phenomena. Electronic
conduction is associated with the flow of electrons through thin layers of insulating
cementitious matrix between CBN that are closely spaced, based on the quantum tunneling
effect. In contrast, contact conduction is characterized by the movement of electrons due to
direct contact between neighboring CBN aggregates (Li et al., 2006; Nalon et al., 2021; Xiao
et al., 2010).

The addition of a small concentration of CBN (3% by mass of binders) caused

negligible or small variation in the electrical resistivity of the cement-lime mortars

(I/c > 0.00). It happened because the small amounts of CBN aggregates were not close

enough to form conductive pathways within the composites. On the other hand, the addition
of 3% of CBN to the cement mortar (I/c = 0.00) caused resistivity decreases of about two
orders of magnitude. These results clearly indicate that the incorporation of lime into the
mortars changed their conductive network and delayed the percolation threshold. Figure 3a
shows that the percolation threshold for mortars with 1/c = 0.00 and 1/c = 0.25 occurred at
CBN concentrations below 1.74% and 1.82% (by volume of composite), respectively. In
mortars with I/c = 0.50, 1/c = 1.00 and 1/c = 2.00, the percolation threshold was delayed, as it
was observed within the range of CBN concentrations between 1.84% and 3.33% (by volume
of composite).

Figure 3b evidenced that nanomodified mortars generally exhibited increases in
electrical resistivity with increasing lime/cement ratio. The reasons for these modifications
are discussed in the next subsection. According to Figure 3b, the electrical resistivity of
mortars containing only 3% of CBN (by weight of binders) increased by about two orders of
magnitude when the lime/cement ratio increased from 0.00 to 2.00. In contrast, mortars with
higher CBN concentration (6% and 9%, by weight of binders) presented lower resistivity
increases with the addition of lime. For example, specimens with 9% of CBN presented small

electrical resistivity increases for any increment in the 1/c ratio. The electrical resistivity of
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specimens with 6% of CBN fluctuated around 1.0x10° Q.cm (initially, the electrical
resistivity of these mortars decreased, then increased, and finally decreased again with the
addition of lime). The limited impact of lime on the conductive network of composites
containing 6% or 9% of CBN is a result of the position of these specimens at end of the
percolation zone. Their well-established conductive network was significantly dense and
hard to be changed by the incorporation of lime. Consequently, in mortars containing high
dosages of CBN, some stretches of the conductive network were obstructed by non-
conductive crystalline compounds, but the electrons could flow through many other paths
still available in the conductive network of these composites.

In mortars containing 3% of CBN (by weight of binders), the increase in the
lime/cement ratio from 0.00 to 1.00 caused significant increases in the electrical resistivity,
i.e., from 4.9x10* Q.cm to 3.6x10° Q.cm). In this case, most of the conductive network
stretches were separated when lime was incorporated. The great impact of lime on the
conductive network of specimens containing 3% of CBN is a result of the position of these
specimens at the beginning of the percolation zone. The conductive network of these mortars
was very sparse, so that the addition of lime had a substantial impact on the obstruction of
pathways for electrical conductivity. When the lime/cement ratio increased from 1.00 to 2.00,
the electrical resistivity remained within the same order of magnitude, i.e., it varied from
4.2x10° Q.cm to 3.6x10° Q.cm. These electrical resistivity values are typically observed in
dried cementitious materials without conductive admixtures. For example, Figure 3b shows
that the electrical resistivity of mortars containing 0% of CBN fluctuated between

1.5%10° Q.cm and 1.0x107 Q.cm.

4.3.2. Microstructural analyses

This section presents the results of microstructural analyses of TO-3%, TO-9%, TC-
3%, TC-9% samples (only these samples were analyzed because they represent typical
contrasting situations associated with the addition of low and high contents of CBN and lime
to the cementitious matrix). At first, the microstructural mechanisms behind the effects of
these materials on the behavior of the masonry mortars can be elucidated with the results of

XRD analyses presented in Figure 4.
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Figure 4 - XRD diffractograms of TO-3%, TO-9%, TC-3%, TC-9% samples.

& - Ettringite o - C-S-H
2t 2¢ - Quartz o - Portlandite
x - Calcite

Intensity (counts)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
°20 (CuKa)

Source: Author (2024).

There are two main differences between the XRD diffractogram of mortars with high
lime content (TO-3% and TO-9%) and mortars without lime (TC-3% and TC-9%). At first,
TO-3% and TO-9% samples exhibited intense calcium hydroxide (CH) peaks (e.g.,
20 = 18.1°,34.2°,47.3° and 50.9°). In addition, TO-3% and TO-9% mortars presented intense
peaks of calcite (e.g., 20 = 29.4°, 39.5°, 47.6° and 48.7°). These results suggested that many
conductive paths between CBN were inevitably obstructed by the high amounts of non-
conductive CH and calcite compounds associated with the increase in the content of hydrated
lime, as also evidenced by the high CaO content verified in the XRF results of Table 1. In
fact, the separation of aggregates of CBN [85-500 nm aggregates composed of nanospheres
with diameters of 10-150 nm (ICBA, 2016)] by calcite structures and plate-like CH crystals
[compounds with particle size of 0.7-3.0 um (Mehta and Monteiro, 2005)] was typically
observed in FEGSEM analyses, as indicated in Figure 5a and Figure 5c of TO-3% and TO-
9% samples, respectively. Dong et al. (2021) also reported the separation between CBN and
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slaked lime within the cementitious matrix, as the nanoparticles were typically attached to

the surface of lime compounds.

Figure 5 - FEGSEM images of (a) TO-3%, (b) TC-3%, (c) TO-9% and (d) TC-9% samples.
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The lime compounds evidenced in Figure 5 tended to increase the distance between

adjacent conductive particles, making contact conduction impossible and changing the



137

probability of tunneling conduction mechanisms. Consequently, the addition of lime tends to
compromise the conductive network inside the nanomodified mortars. On the other hand,
since the high surface area of CBN is able to provide many locations for the growth of
hydration products (Lima et al., 2021; Parvan et al., 2020; Zhang et al., 2022), cement
hydrates existing in mortars without lime would not cause such significant interruptions in
their conductive network. Actually, cement mortars were mainly composed by CBN
(spherical particles with diameters of 10-150 nm indicated in Figure 5b and Figure 5d)
intrinsically intermixed with the C-S-H gel due to nucleation effects.

The vibration bands associated with different compounds of the self-sensing materials

were evaluated based on the FTIR spectra illustrated in Figure 6. For example, the stretching
of (OH)_ in CH structures led to noticeable absorption bands at 3640 cm™!, especially in the
spectra of TO-3% and TO-9% (Horgnies et al., 2013; Tantawy, 2017; Vai¢iukyniené et al.,
2013; Yaseen et al., 2019; Ylmén and Jaglid, 2013). These spectra also revealed high-
intensity bands related to the presence of calcite at 713 cm™, 874 cm™ and 1300-1600 cm’!,

which can be attributed to symmetric (v2 and v4) and asymmetric (v3) vibrations of COY
(Medina et al., 2018; Nasrazadani et al., 2016; Tantawy, 2017; Vai€iukynien¢ et al., 2013).
Therefore, results of the FTIR analyses also corroborate the hypotheses that the CBN-based
conductive network was obstructed by the incorporation of non-conductive CH and calcite
structures derived from high contents of hydrated lime.

Figure 6 - Fourier transform infrared (FTIR) spectroscopy results of TO-3%, TO-9%, TC-3% and TC-9%
samples.
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Signatures of Si-O modes at approximately 450 cm™, 775 em’l, 797 cm™!, 692 cm’!
and 1086 cm™! can be attributed to the quartzite aggregates (Malathy et al., 2022; Sekhaneh
et al., 2020; Tyagi et al., 2006), whereas the band at about 900-1050 cm™ has been usually
associated with Si-O asymmetric stretching vibrations in the C-S-H gel (Horgnies et al.,

2013; Malathy et al., 2022; Medina et al., 2018).

4.3.3. Self-sensing behavior

The piezoresistive performance of the composites was tested using the biphasic DC
measurements proposed by Downey et al. (2017), in which a square-wave signal induces
depolarization effects through current polarity reversal. A piezoresistive response was not
observed in cement mortars and cement-lime mortars with 0% or 3% of CBN (by mass of
binders). As discussed in the previous subsections, electronic conduction was not observed
in these specimens, as they always presented very high values of electrical resistivity that
were not well correlated with compressive stress/strain levels. In contrast, coherent and
reversible FCRs were observed in the cyclic loading tests of cement and cement-lime mortars
containing 6% or 9% of CBN (by mass of binders). Since these CBN-based mortars were
designed within the percolation zone, compressive/tensile loading changed the inter-particle
distance between nanomaterials, leading respectively to decrements/increments of electrical
resistivity, which evidences the promising self-sensing ability of these composites to monitor
stresses and strains of civil structures (Li et al., 2006; Monteiro et al., 2017a, 2017b; Nalon
et al., 2020).

APPENDIX 4B shows the FCR vs compressive strain and FCR vs compressive stress
curves obtained from the piezoresistive tests of the cement and cement-lime mortars
investigated in the present work. It also shows linear regression models that provided the best
fit to the dataset associated with the linear stretch of each curve, in addition to the coefficients
of determination (R?) of the developed models. The GF and SS of these mortars were
calculated as the slope of the initial part (linear stretch) of these curves, as recommended by
Chung (2020). Examples of construction of these regression models are represented in the
diagrams of Figure 7, using the experimental data of the specimen S2 of the TC-9% series.

Figure 8 plots these self-sensing properties against the lime/cement ratio of the composites.
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Figure 7 - Examples of linear regression models obtained from the FCR vs compressive strain (a) and FCR vs
compressive stress curves (b).
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Figure 8 - Effects of lime/cement ratio on the GF (a) and SS (b) of mortars with self-sensing behavior.
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The statistical analyses of the results of GF and SS are presented in APPENDIX 4A.

In this case, ANOVA assumptions were satisfied for both response variables, so that a

factorial ANOVA could be carried out. P-values of 1.3 x 10 and 1.3 x 10™* were obtained

when evaluating the interaction effects between the TMM and CNS factors on the GF and

SS of the mortars, respectively. These results proved that the influence of lime/cement ratio

on the self-sensing properties of masonry mortars depends on their conductive network

structure. Consequently, the TMM x CNS interaction was unfolded to analyze the effects of

each independent variable within each level of the other independent variable. Table 3 and

Table 4 show the results of Tukey's multiple comparison tests, which indicate which values

of average self-sensing properties differ from the rest. Figure 9 summarizes the notation
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guidelines related to the use of uppercase and lowercase letters presented with the two-way
ANOVA results of these tables. These letters were added to represent the effects of the
independent variables and their interactions, which resulted in various pairwise comparisons.
For a significance level equal to 5%, values followed by the same lowercase letter within
each column or the same uppercase letter within each row are not considered significantly

different according to the Tukey test.

Table 3 - Results of ANOVA and Tukey test for gauge factor (GF) of self-sensing masonry mortars with
different lime/cement ratios (I/c) and carbon nanomaterials contents.

Nanomaterials Lime/cement ratio
content l/c =2.00 l/c =1.00 l/c =0.50 l/c =0.25 1/c =0.00
6% CBN 169.0 Ba 573 Cb 133.0 Ba 162.0 Ba 253.0 Aa
9% CBN 205.0 Aa 192.0 ABa 178.0 ABa 125.7 Bb 154.3 ABb

Note: Means sharing a lowercase letter within each column or an uppercase letter within each row are not
significantly different by the Tukey test at the 5% significance level.

Source: Author (2024).

Table 4 - Results of ANOVA and Tukey test for stress sensitivity (SS) of self-sensing masonry mortars with
different lime/cement ratios (I/c) and carbon nanomaterials contents (in MPa™!) .

Lime/cement ratio

Nanomaterials
content 1/c =2.00 I/c =1.00 1/c =0.50 l/c=0.25 1/c = 0.00
6% CBN 0.0752 Ab 0.0093 Bb 0.0151 Ba 0.0249 Ba 0.0315 Ba
9% CBN 0.1297 Aa 0.0988 Aa 0.0586 Bb 0.0268 Ba 0.0361 Ba

Note: Means sharing a lowercase letter within each column or an uppercase letter within each row are not
significantly different by the Tukey test at the 5% significance level.

Source: Author (2024).

Figure 9 - Notation guidelines related to the use of uppercase and lowercase letters for reporting the results of
a two-way ANOVA.
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In mortars with 9% of CBN (by mass of binders), the addition of lime provided
statistically significant increases in self-sensing properties. In fact, Tukey test results of Table
3 and Table 4 revealed that 9%-CBN mortars with 1/c = 2.00 and l/c = 1.00 share the same
uppercase letter (A), whereas the others share a different uppercase letter (B). Increases in
GF and SS of mortars with 9% of CBN (by weight of binder) can be explained based on the
impacts of lime on their very dense conductive network. Since these mortars had a high
concentration of nanomaterials, they exhibited conductive mechanisms typically observed at
the end of the percolation zone (tunneling and contact conduction played leading roles in
electrical conduction). The microstructural analyses discussed in the previous section
indicated that the inclusion of the non-conductive CH and calcite structures caused
interruptions in the direct contact between many CBN. It not only reduced contact conduction
mechanisms, but also increased the amount of tunneling gaps and enhanced the probability
of tunneling conduction between CBN. Since the dominancy of tunneling conduction over
contact conduction increases the FCRs associated with external loading (Han et al., 2010,
2015; Nalon et al., 2021), the self-sensing properties of masonry mortars with high
concentration of CBN increased with the incorporation of lime.

The percentage increases in the average GF of mortars with 9% of CBN (by mass of
binders) due to the addition of lime were lower than the percentage increases in SS. For
example, the average GF of TO-9% mortars was 32.8% higher than that of TC-9% mortars,
whereas the average SS of TO-9% mortars was 259.7% higher than that of TC-9% mortars.
This difference is justified by the high deformability of cement-lime mortars compared to
cement mortars (Arandigoyen and Alvarez, 2007; Sébaibi et al., 2006; Silva and Campiteli,
2008). The elastic modulus of these materials is expected to decrease with the increase in the
lime/cement ratio. Consequently, the SS enhancement due to lime incorporation is attributed
not only to improvements in tunneling conduction mechanisms (FCR increases), but also to
the decreases in the stiffness of the material.

A distinct behavior was observed in mortars with 6% of CBN (by mass of binders). In
these composites, the increase in the lime/cement ratio from 0.00 to 1.00 caused statistically
significant reductions in GF and negligible changes in SS. According to the Tukey’s test
results of Table 3, the average GF of 6%-CBN mortars with 1/c = 0.0 is higher than the
average GF values of mortars with 1/c = 0.25 or I/c = 0.50, which are higher than the average
GF of mortars with I/c = 1.00. These GF decreases with lime addition are directly related to

the sparse conductive network of mortars with 6% of CBN (by mass of binders). Since these
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composites were produced with nanoadmixtures content slightly higher than the percolation
threshold concentration (within the percolation zone), tunneling conduction played a leading
role in their conductivity (Han et al., 2015). In this case, the incorporation of non-conductive
lime compounds mentioned in the previous section inevitably increased the thickness of the
insulating matrix between CBN. In consequence, lime incorporation decreased the amount
of tunneling gaps within the composites, decreasing the FCR amplitude and the GF of the
materials.

Although the GF of mortars with 6% of CBN (by mass of binders) decreased when the
lime/cement ratio increased from 0.00 to 1.00, their SS did not change in this range. For
instance, Table 4 shows that the average SS values of TC-6%, TM-6%, TS-6% and TN-6%
mortars share the same uppercase letter (B), which means that they are statistically equal. It
is also attributed to the expected reductions in elastic modulus of mortars with the increase
in the lime content (Arandigoyen and Alvarez, 2007; Sébaibi et al., 2006; Silva and
Campiteli, 2008). Variations of SS due to lime incorporation were not observed because the
FCR reductions associated with decreases in tunneling conduction mechanisms were
compensated by the increases in the deformability of the material.

The GF and SS of 6%-CBN mortars increased when the lime/cement ratio increased
from 1.00 to 2.00. It probably happened because a high stress amplitude (up to 57% of the
strength of the specimens) was unfortunately used in the piezoresistive tests of TO-6%
mortars (the uniaxial compression test of the extra mortar prism of this series provided an
overestimation of the ultimate strength of the prisms of this series). The application of
excessive compressive loading resulted in damage of the cementitious matrix and irreversible
changes in electrical resistivity. According to Chung (2020), the GF is incorrectly obtained
if reversible and irreversible FCRs are combined in piezoresistive tests beyond the elastic
regime of cementitious composites. In addition, it is important to highlight that such high
lime/cement ratio (2.00) is only used in non-loadbearing masonry structures.

In summary, the addition of lime enhanced the probability of tunneling conduction
mechanisms in mortars designed at the end of the percolation zone, resulting in statistically
significant increases in GF and SS values. Furthermore, the percentage increase in SS due to
lime incorporation was higher than the percentage increase in GF because the elastic modulus
of the mortars decreases with the increase in the lime/cement ratio. On the other hand, the
incorporation of lime in mortars designed at the beginning of the percolation zone caused

reductions in GF and negligible changes in SS. This is associated with increases in the
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thickness of the insulating matrix between CBN, which leads to reductions in the number of

tunneling gaps between nanomaterials and in the FCR values.

4.3.4. Compressive strength

The effects of lime/cement ratio and CBN content on the compressive strength of the
masonry mortars are presented in Figure 10. The statistical analyses of compressive strength
results were detailed in APPENDIX 4A. Since all ANOVA assumptions were met, a factorial
ANOVA could be carried out in this case. A P-value equal to 9.3 x 10 was obtained when
analyzing the interaction effects between the TMM and CNS factors on the compressive
strength of the mortars. Therefore, the effects of lime/cement ratio on the mechanical
performance of masonry mortars depend on the distribution of carbon nanomaterials in the
composite matrix. For the compressive strength dataset, the interaction TMM x CNS was
also unfolded for analyses of the influence of each independent variable within each level of

the other independent variable.

Figure 10 - Compressive strength of the composites versus lime/cement ratio (a) and compressive strength
versus CBN volume fraction.
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Table 5 shows the results of post-hoc comparison tests carried out after the
development of the factorial ANOVA. Regardless of the CBN concentration, increases in
lime content caused similar reductions in the compressive strength of all mortars. In general,

Table 5 shows that the average compressive strength of cement mortars (I/c = 0.00) was
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statistically higher than the average strengths of cement-lime mortars with I/c = 0.25 and
1/c =0.50, which were statistically higher than the average strengths of mortars with
1/c = 1.00 and I/c = 2.0. In fact, Figure 10a indicated that a variation in the lime/cement ratio
from 0.00 to 2.00 (by volume) caused percentage reductions in strength ranging between
70.5% and 77.2% in all mortars. These mechanical strength decreases can be explained based
on the microstructural changes caused by the increase in lime content, which are mainly
characterized by the observations of a less amorphous C-S-H phase, noticeable porosity and
higher amount of CH and calcite crystals (Cizer et al., 2008).

Table 5 - Results of ANOVA and Tukey test for compressive strength (MPa) of masonry mortars with
different lime/cement ratios (I/c) and carbon nanomaterials contents.

Nanomaterials Lime/cement ratio
content l/c =2.00 l/c =1.00 l/c =0.50 l/c =0.25 I/c = 0.00
0% CBN 17.59 Ca 23.66 Cab 56.62 Ba 63.01 Ba 77.31 Aa
3% CBN 17.87 Da 23.32 Dab 34.42 Cb 50.82 Bb 70.13 Aa
6% CBN 16.95 Ca 29.29 Ba 32.81 Bb 33.57 Be 57.46 Ab
9% CBN 11.13 Da 15.48 CDb 22.06 BCc 27.44 Be 4297 Ac

Note: Means sharing a lowercase letter within each column or an uppercase letter within each row are not
significantly different by the Tukey test at the 5% significance level.

Source: Author (2024).

Increases in the CBN dosage also caused gradual reductions in the mechanical
performance of all mortars. The strength decreases due to the addition of CBN were slightly
more evident in mortars with lower lime contents. For instance, Table 5 indicates that all
mortars with lime/cement ratio of 2.00 share the same lowercase letter (a), which means that
they are statistically equal. For the other lime/cement ratios, a statistical difference was
observed between the average strengths of mortars with distinct CBN contents. In fact, Figure
10b shows that mortars produced with a lime/cement ratio of 0.00 and 0.25 presented high
percentage reductions in strength (44.4% and 56.5%, respectively) due to the increase in the
CBN dosage from 0% to 9% (by weight of binders). In contrast, lower percentage strength
decreases were verified in mortars with lime/cement ratio of 1.00 and 2.00 (34.6% and
36.7%, respectively).

According to previous studies dealing with cement mortars containing CBN (Lima et
al., 2021; Monteiro et al., 2017a; Zhang et al., 2022), agglomerates of CBN within the
cementitious matrix can form weak zones that cause reductions in the mechanical strength of

the composites. The FEGSEM analysis of Figure 5d revealed that CBN were usually
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intermixed with the flocculated C-S-H structures. Therefore, the addition of CBN seems to
impair the cohesion between the hydrates of the masonry mortars, which probably caused the
decrease in their mechanical performance.

Although the CBN contents investigated in this study did not provide strength
improvements, they ensured significant increases in electrical conductivity and self-sensing
properties, which were discussed in the previous subsections. For the contents of CBN and
lime investigated in this study, the inclusion of lime caused higher decreases in mechanical
strength than the addition of CBN. These effects on the compressive strength must be

considered when designing self-sensing masonry mortars for SHM of masonry elements.

4.4. CONCLUSIONS

The present study comprises an experimental investigation of the mutual effects of
binder composition and conductive network structure on electrical resistivity, microstructure,
self-sensing properties and compressive strength of masonry mortars. The following
conclusions were obtained from this work:

(1) The electrical resistivity of dry masonry mortars can be reduced by more than four
orders of magnitude with the addition of CBN contents higher than 6% (by mass of
binders). However, increases in lime content were found to delay the percolation
threshold of cementitious composites. Microstructural analyses suggested that CH
and calcite structures increased the distance between adjacent conductive
nanomaterials, changing the electron conduction mechanisms.

(2) Plain masonry mortars and masonry mortars with 3% of CBN (by mass of binders)
did not exhibit a piezoresistive behavior, whereas a coherent and repeatable self-
sensing response was observed in masonry mortars containing 6% or 9% of CBN
(by mass of binders).

(3) In mortars designed at the end of the percolation zone, the addition of lime provided
statistically significant increases in self-sensing properties (GF and SS). It
happened because the inclusion of the non-conductive CH and calcite structures
caused interruptions in the direct contact between CBN, reducing contact
conduction mechanisms, enhancing the probability of tunneling conduction

between CBN and increasing the FCRs associated with external loading.
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(4) In mortars designed at the beginning of the percolation zone, the inclusion of lime
caused reductions in GF and negligible changes in SS. In this case, the
incorporation of non-conductive lime compounds increased the thickness of the
insulating matrix between CBN, decreasing the amount of tunneling gaps and
decreasing their FCR amplitude.

(5) The compressive strength of masonry mortars decreased with the increase in the
contents of lime or CBN. Strength reductions due to increases in CBN
concentration were slightly more evident in mortars with lower lime contents.
Strength reductions were associated with the agglomeration of CBN, which
impaired the cohesion between cementitious compounds and led to the formation
of weak zones within the composites.

Some details must be considered before a larger-scale application of the findings
reported in the present research. Future investigations should involve specimens with shape
and sizes similar to those used in real-life applications (cement-lime mortar joints of masonry
structures), in order to examine the geometrical correction factors associated with the
electrical and mechanical properties of the self-sensing composites. Future research is also
recommended to study the interface between self-sensing mortars and masonry blocks with
distinct deformation properties, as the stress/strain compatibility between these masonry
components may affect the electromechanical response of the material. Indeed, the self-
sensing mortars developed in this research show great potential as materials for monitoring
the complex triaxial state of stress/strain of masonry joints. A detailed investigation is also
needed to detect the minimum and maximum CBN dosages that could provide an appropriate
balance between self-sensing and mechanical properties.

These conclusions provide new insights for the design of smart self-sensing mortars
used in SHM systems of masonry elements. Since this work was limited to the development
and evaluation of self-sensing cement-lime mortars, the investigation of the piezoresistive
response of other different types of masonry mortars (e.g., polymer adhesive mortars, earth
mortars, preblended mortars) containing conductive admixtures is the logical follow-up to
the present study. Future works are also recommended to elaborate theoretical models that
can describe the self-sensing behavior of cement-lime mortars with CBN, based on the
investigation of the effects of hydrated lime on tunnel effect theory-based piezoresistivity

models available in the literature.
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APPENDIX 4A: RESULTS OF STATISTICAL ANALYSES

4A.1. GRUBB’S TEST FOR OUTLIER DETECTION

Experimental results of electrical resistivity, gauge factor, stress sensitivity and
compressive strength obtained in this work were subjected to Grubb’s tests for detection of

statistical outliers (Table A1, A2, A3 and A4).

4A.1.1. Hypothesis and significance level

» Null hypothesis (Hop): all values belong to the same population.
» Alternative hypothesis (Ha): the smallest or the largest value is an outlier.

» Significance level (a): 5%.

4A.1.2. Results of the statistical tests

Table A1l - Grubb’s test statistical summary for the electrical resistivity dataset.

Series Mean Standard deviation ~Minimum  Maximum Grubl.)'s.test P-value
(Q.cm) (Q.cm) (Q.cm) (Q.cm) statistic
TO-0% 3772638 320400 3445827 4086218 1.02 0.932
TO-3% 3671302 453501 3224466 4131187 1.01 0.952
TO-6% 1374 154 1207 1509 1.09 0.649
TO-9% 357 115 270 488 1.14 0.351
TN-0% 4976777 725140 4275566 5723684 1.03 0.896
TN-3% 4267676 260776 4068220 4562768 1.13 0.383
TN-6% 1982 89 1886 2061 1.08 0.668
TN-9% 319 38 284 359 1.07 0.740
TS-0% 4935395 600388 4242451 5300203 1.15 0.058
TS-3% 3021604 177844 2835447 3189767 1.05 0.832
TS-6% 971 74 918 1055 1.14 0.281
TS-9% 199 31 177 233 1.14 0.287
TM-0% 3814952 304086 3488117 4089511 1.07 0.715
TM-3% 1422325 709223 861827 2219661 1.12 0.440
TM-6% 540 5 536 546 1.09 0.657
TM-9% 141 43 104 188 1.09 0.645
TC-0% 5210872 983083 4097723 5960126 1.13 0.377
TC-3% 49995 42811 24156 99412 1.15 0.050
TC-6% 960 12 946 968 1.14 0.274
TC-9% 137 16 122 154 1.05 0.821

Source: Author (2024).



Table A2 - Grubb’s test statistical summary for gauge factor results.
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Grubb's test

Series Mean Standard deviation Minimum  Maximum statistic P-value
TO-6% 169.0 25.2 140 186 1.150 0.189
TO-9% 205.0 20.7 186 227 1.060 0.759
TN-6% 57.3 22.8 37 82 1.080 0.684
TN-9% 192.0 9.9 181 200 1.120 0.490
TS-6% 133.0 35.2 96 166 1.050 0.812
TS-9% 178.0 32.5 145 210 1.020 0.949
TM-6% 162.0 543 123 224 1.140 0.282
TM-9% 125.7 34.5 97 164 1.110 0.532
TC-6% 253.0 9.5 247 264 1.150 0.100
TC-9% 154.3 9.1 146 164 1.070 0.756

Source: Author (2024).
Table A3 - Grubb’s test statistical summary for stress sensitivity results.
Series Mean Standard deviation ~Minimum  Maximum Grubl')'s.test P_value
(MPa™) (MPa™) (MPa™) (MPa™!) statistic
TO-6% 0.075 0.027 0.045 0.092 1.15 0.108
TO-9% 0.130 0.017 0.117 0.149 1.13 0.369
TN-6% 0.009 0.005 0.005 0.015 1.08 0.704
TN-9% 0.099 0.012 0.090 0.113 1.15 0.210

TS-6% 0.015 0.005 0.010 0.019 1.12 0.452
TS-9% 0.059 0.016 0.041 0.070 1.14 0.320
TM-6% 0.025 0.013 0.015 0.040 1.14 0.283
TM-9% 0.027 0.010 0.016 0.035 1.08 0.689
TC-6% 0.031 0.003 0.030 0.035 1.15 0.141
TC-9% 0.036 0.018 0.025 0.056 1.15 0.125

Source: Author (2024).
Table A4 - Grubb’s test statistical summary for compressive strength results.
Series Mean Standard deviation ~ Minimum Maximum Grubt')'s ‘test P_value
(MPa) (MPa) (MPa) (MPa) statistic

TO-0% 17.59 2.96 14.47 20.36 1.05 0.807
TO-3% 17.87 1.33 16.35 18.77 1.15 0.193
TO-6% 16.95 0.87 16.14 17.87 1.06 0.798
TO-9% 11.13 0.88 10.19 11.94 1.06 0.758
TN-0% 23.66 0.79 22.89 24.48 1.03 0.879
TN-3% 23.32 2.05 21.65 25.61 1.12 0.493
TN-6% 29.29 4.27 24.97 33.51 1.01 0.963
TN-9% 15.48 2.10 13.07 16.88 1.15 0.173

TS-0% 56.62 3.12 53.31 59.52 1.06 0.790

TS-3% 34.42 6.57 26.86 38.73 1.15 0.152

TS-6% 32.81 2.16 31.20 35.27 1.14 0.342

TS-9% 22.06 4.37 17.72 26.45 1.01 0.978



TM-0%
T™-3%
TM-6%
T™-9%
TC-0%
TC-3%
TC-6%
TC-9%

63.01 8.80 53.38 70.63 1.09
50.82 10.05 44.38 62.41 1.15
33.57 5.26 27.73 37.92 1.11
27.44 3.18 23.96 30.19 1.09
77.31 7.19 69.34 83.30 1.11
70.13 3.74 65.82 72.61 1.15
57.46 5.03 51.76 61.26 1.13
42.97 2.40 40.35 45.04 1.1

0.620
0.124
0.525
0.621
0.542
0.168
0.362
0.614
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Source: Author (2024).

4A.1.3. Conclusions of the statistical tests

Since all analyses provided a P-value higher than 0.050, the null hypothesis was not

rejected. Therefore, outliers were not found in the experimental dataset.

4A.2. SHAPIRO-WILK TEST OF NORMALITY

Experimental results of electrical resistivity, gauge factor, stress sensitivity and

compressive strength obtained in this work were subjected to the Shapiro-Wilk test for

verification of normality of residuals (Table AS5), which is one of the assumptions of each

analysis of variance (ANOVA) presented in Section A.4.

4A.2.1. Hypothesis and significance level

» Null hypothesis (Ho): residuals are normally distributed.
» Alternative hypothesis (Ha): residuals are not normally distributed.

» Significance level (a): 5%.

4A.2.2. Results of the statistical tests

Table A5 - Shapiro-Wilk’s test statistical summary for all response variables.

Response variable Shapiro-Wilk's test statistic P-value
Electrical resistivity 0.816 3.5x 107
Gauge factor 0.976 0.699
Stress sensitivity 0.971 0.580
Compressive strength 0.974 0.218

Source: Author (2024).



4A.2.3. Conclusions of the statistical tests
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Analyses of results of gauge factor, stress sensitivity and compressive strength

provided a P-value higher than 0.050, which indicates that the null hypothesis was not

rejected. For these response variables, the residuals are normally distributed. On the other

hand, residuals associated with the electrical resistivity dataset are not normally distributed

because a P-value lower than 0.050 was obtained.

4A.3. BARTLETT TEST OF HOMOSCEDASTICITY

Experimental results of electrical resistivity, gauge factor, stress sensitivity and

compressive strength obtained in this work were subjected to the Bartlett test for verification

of homoscedasticity (Table A6), which is one of the assumptions of each ANOVA presented

in Section A.4.

4A.3.1. Hypothesis and significance level

» Null hypothesis (Ho): all population variances are equal.

» Alternative hypothesis (Ha): at least two population variances are different.

» Significance level (a): 5%.

4A.3.2. Results of the statistical tests

Table A6 - Bartlett’s test statistical summary for all response variables.

Response variable Bartlett's K-squared P-value
Electrical resistivity 316.34 2.2 x 10716
Gauge factor 9.768 0.370
Stress sensitivity 11.213 0.261
Compressive strength 29.033 0.065

Source: Author (2024).

A.3.3. Conclusions of the statistical tests

Analyses of results of gauge factor, stress sensitivity and compressive strength

provided a P-value higher than 0.050, which indicates that the null hypothesis was not

rejected. Thus, homogeneity of variances was observed in these cases. In contrast,
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homogeneity of variances was not verified in the electrical resistivity dataset because a P-

value lower than 0.050 was obtained.

4A.4. ANOVA OF MAIN FACTORS AND INTERACTION BETWEEN THEM

A factorial analysis of variances (ANOVA) of results of gauge factor, stress sensitivity
and compressive strength was carried out to identify (i) the effect of individual factors and
(i1) interactions between different factors on each response variable (Table A7, A8 and A9).
Factorial ANOVA of electrical resistivity results was not carried out because the ANOVA
assumptions of normality of residuals and homogeneity of variances were not verified in this

dataset, as reported in Sections A.2 and A.3, respectively.

4A.4.1. Hypothesis and significance level

For the CNS factor:

» Null hypothesis (Ho): there is no significant difference on the response variable
based on the conductive network structure of the mortar.

» Alternative hypothesis (Ha): there is some difference on the response variable
based on the conductive network structure of the mortar.

» Significance level (a): 5%.

For the TMM factor:

» Null hypothesis (Ho): there is no significant difference on the response variable
based on the type of masonry mortar.

» Alternative hypothesis (Ha): there is some difference on the response variable
based on the type of masonry mortar.

» Significance level (a): 5%.

For the interaction between CNS and TMM factors:

» Null hypothesis (Ho): there is no significant interaction effect between the
conductive network structure and the type of masonry mortar on the response
variable.

» Alternative hypothesis (H,): there is a significant interaction effect between the
conductive network structure and the type of masonry mortar on the response
variable.

» Significance level (a): 5%



4A.4.2. Results of the statistical tests

Table A7 - Factorial ANOVA statistical summary for the gauge factor dataset.
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Degrees of Sum of Mean

F test

Source freedom squares Square statistics P-value
Main TMM 4 24737.00 6184.20 7.46 7.6 x 10
factors CNS 1 1952.00 1952.10 2.36 0.141
Interaction TMM x CNS 4 46815.00 11703.70 14.12 1.3x 103
Residuals 20 16576.00 828.80 - -
Source: Author (2024).
Table A8 - Factorial ANOVA statistical summary for the stress sensitivity dataset.
Source Degrees of Sum of Mean F .tes.t P-value
freedom squares Square statistics
Main T™MM 4 0.0227 0.0057 28.34 55% 108
factors CNS 1 0.0113 0.0113 56.42 3.1 x 107
Interaction TMM x CNS 4 0.0081 0.0020 10.06 1.3 x 10*
Residuals 20 0.0040 0.0002

Source: Author (2024).

Table A9 - Factorial ANOVA statistical summary for the compressive strength dataset.

Degrees of Sum of Mean

F test

Source freedom squares Square statistics P-value
Main T™MM 4 15707.30 3926.80 183.03 <2.2x10716
factors CNS 3 4478.30 1492.80 69.58 6.3 x 106
Interaction TMM x CNS 12 2217.10 184.80 8.61 9.3x10%
Residuals 40 858.20 21.50 - -

Source: Author (2024).

4A.4.3. Conclusions of the statistical tests

The ANOVA of individual factors only provided a P-value higher than 0.05

(P-value = 0.141) when evaluating the effects of the conductive network structure on the

gauge factor of self-sensing mortars. This result initially suggested that there was no

significant difference on the gauge factor based on the conductive network structure of

mortars containing 6% or 9% of CBN. In contrast, all of the other ANOV As of individual

factors provided P-values lower than 0.05, which indicated that the null hypothesis should be

rejected, i.e., there was some difference on the response variable based on the corresponding

individual factor. Although these main effects analyses are valid from a mathematical point

of view, it is important to highlight that additional analyses were required because significant

interaction effects between the TMM and CNS factors were also verified. In fact, the
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ANOVA of the interactions always provided a P-value lower than 0.05. Consequently, the
null hypothesis must be rejected, i.e., there was a significant interaction effect between the
conductive network structure and the type of masonry mortar on the gauge factor, stress
sensitivity and compressive strength of the masonry mortars. The effect of one factor on the
response variable can be different dependent on the level of the factor. In order to properly
identify statistical differences between response variables (considering the interaction

effects), complementary analyses were required, as presented in Section A.5.

4A.5. ANOVA OF FACTORIAL EXPERIMENT WITH SIGNIFICATIVE INTERACTION

Since the statistical analyses presented in Section A.4 suggested significant interaction
effects between the TMM and CNS factors on all response variables, Tukey's multiple
comparison tests must not be applied separately for each factor, neglecting the interaction
effects. Actually, it is necessary to unfold the interaction TMM x CNS based on two different
methods (Table A10, A11, A12, A13, Al14 and A15): (i) analysis of the effects of masonry
mortar type within each type of conductive network structure and (ii) analysis of the effects

of the conductive network structure within each type of masonry mortar.

4A.5.1. Hypothesis and significance level

Unfolding the interaction TMM x CNS for analysis of the effects of the CNS within
each level of the TMM factor:

» Null hypothesis (Ho): within the corresponding level of the TMM factor, there
is no significant difference on the response variable based on the conductive
network structure of the mortar.

» Alternative hypothesis (Ha): within the corresponding level of the TMM factor,
there is some difference on the response variable based on the conductive
network structure of the mortar.

» Significance level (a): 5%.

Unfolding the interaction TMM x CNS for analysis of the effects of the TMM within
each level of the CNS factor:

» Null hypothesis (Ho): within the corresponding level of the CNS factor, there is

no significant difference on the response variable based on the type of mortar.
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» Alternative hypothesis (Ha): within the corresponding level of the CNS factor,
there is some difference on the response variable based on the type of mortar.

» Significance level (a): 5%.

4A.5.2. Results of the statistical tests

Table A10 - Unfolding the interaction TMM x CNS for analysis of the effects of the CNS within each level of
the TMM factor on the gauge factor of the mortars.

Source Dfi g;e;sncl)f ssc;ll?;r: é\(;[ s:?e F test statistics P-value
CNS/TMM; 1 1944.00 1944.00 2.35 0.1413
CNS/TMM; 1 27202.67 27202.67 32.82 ~0.000
CNS/TMM; 1 3037.50 3037.50 3.66 0.0700
CNS/TMMg4 1 1980.17 1980.17 2.39 0.1379
CNS/TMM;5 1 14602.67 14602.67 17.62 0.0004

Residuals 20 16576.00 828.80 - -

Note: TMM;: cement-lime mortar with 1/c = 2.00, TMM;: cement-lime mortar with 1/c = 1.00, TMM3:
cement-lime mortar with 1/c = 0.50, TMM4: cement-lime mortar with 1/c = 0.25, TMM35: cement mortar.

Source: Author (2024).

Table A1l - Unfolding the interaction TMM x CNS for analysis of the effects of the TMM within each level
of the CNS factor on the gauge factor of the mortars.

Source Dfer ger:ie(:)sr;)f f&ﬁrgg Sl\(/][ EZ?e F test statistics P-value
TMM/CNS, 4 59615.07 14903.77 17.98 ~0.000
TMM/CNS, 4 11936.67 2984.17 3.60 0.0229

Residuals 20 16576.00 828.80 - -

Note: CNS;: mortars with 6% of CBN, CNS,: mortars with 9% of CBN.

Source: Author (2024).

Table A12 - Unfolding the interaction TMM x CNS for analysis of the effects of the CNS within each level of
the TMM factor on the stress sensitivity of the mortars.

Source Degrees of Sum of Mean F Fest P-value
freedom squares Square statistics
CNS/TMM; 1 0.0045 0.0045 22.2581 ~0.000
CNS/TMM, 1 0.0120 0.0120 59.9974 ~0.000
CNS/TMM; 1 0.0029 0.0029 14.2060 0.001
CNS/TMMy4 1 0.0000 0.0000 0.0270 0.871
CNS/TMM;5 1 0.0000 0.0000 0.1584 0.695
Residuals 20 0.00 0.00 - -

Note: TMM;: cement-lime mortar with 1/c = 2.00, TMM;: cement-lime mortar with 1/c = 1.00, TMM3:
cement-lime mortar with 1/c = 0.50, TMM.: cement-lime mortar with I/c = 0.25, TMMs: cement mortar.

Source: Author (2024).
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Table A13 - Unfolding the interaction TMM x CNS for analysis of the effects of the TMM within each level
of the CNS factor on the stress sensitivity of the mortars

Degrees of Sum of Mean F test
Source . P-value
freedom squares Square statistics
TMM/CNS; 4 0.0082 0.0020 10.1681 ~0.000
TMM/CNS, 4 0.0226 0.0057 28.2331 ~0.000
Residuals 20 0.0040 0.0002 - -

Note: CNS;: mortars with 6% of CBN, CNS,: mortars with 9% of CBN.

Source: Author (2024).

Table A14 - Unfolding the interaction TMM x CNS for analysis of the effects of the CNS within each level of
the TMM factor on the compressive strength of the mortars.

Source Degrees of Sum of Mean F .tes.t P-value
freedom squares Square statistics
CNS/TMM; 3 91.80 30.60 1.43 0.249
CNS/TMM, 3 289.75 96.58 4.50 0.008
CNS/TMM; 3 1893.17 631.06 29.41 ~0.000
CNS/TMM, 3 2371.81 790.60 36.85 ~0.000
CNS/TMM;5 3 2048.87 682.96 31.83 ~0.000
Residuals 40 858.20 21.50 - -

Note: TMM;: cement-lime mortar with 1/c = 2.00, TMM;: cement-lime mortar with 1/c = 1.00, TMM3;:
cement-lime mortar with 1/c = 0.50, TMM4: cement-lime mortar with 1/c = 0.25, TMM35: cement mortar.

Source: Author (2024).

Table A15 - Unfolding the interaction TMM x CNS for analysis of the effects of the TMM within each level
of the CNS factor on the compressive strength of the mortars

Degrees of Sum of Mean F test
Source . P-value
freedom squares Square statistics
TMM/CNS; 4 8025.51 2006.38 93.51 ~0.000
TMM/CNS: 4 5463.94 1365.99 63.67 ~0.000
TMM/CNS3 4 2594.21 648.55 30.23 ~0.000
TMM/CNS4 4 1840.73 460.18 21.45 ~0.000
Residuals 40 858.20 21.50 - -

Note: CNS;:: mortars without CBN, CNS»: mortars with 3% of CBN, CNS3: mortars with 6% of CBN, CNS4:
mortars with 9% of CBN.

Source: Author (2024).
4A.5.3. Conclusions of the statistical tests

For the gauge factor dataset, the ANOVAs only provided a P-value higher than 0.05 in
the following processes: CNS unfolding within cement-lime mortars with I/c = 2.00, CNS
unfolding within cement-lime mortars with 1/c = 0.50, CNS unfolding within cement-lime

mortars with 1/c = 0.25. For the stress sensitivity dataset, it was only observed in the following
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processes: CNS unfolding within cement-lime mortars with 1/c = 0.25 and CNS unfolding
within cement mortars. For compressive strength, it was only verified in the CNS unfolding
within cement-lime mortars with 1/c = 2.00. In these cases, the null hypothesis was not
rejected. A P-value lower than 0.05 was obtained in the other cases, which indicated that
there was a significant difference between the averages. Tukey tests at the 5% significance
level were used to identify which average values differ from the others. Results of these tests

were tabulated in the main text of the present work.
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Figure B1 - FCR vs compressive strain curves of mortars containing 6% of CBN (by mass of binders).
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Figure B2 - FCR vs compressive stress curves of mortars containing 6% of CBN (by mass of binders).
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Figure B3 - FCR vs compressive strain curves of mortars containing 9% of CBN (by mass of binders).
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Figure B4 - FCR vs compressive stress curves of mortars containing 9% of CBN (by mass of binders).
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CONCRETE UNITS FOR STRAIN-MONITORING IN CIVIL
5 STRUCTURES: INSTALLATION OF CEMENT-BASED
SENSORS USING DIFFERENT APPROACHES
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Abstract: Cementitious materials with self-sensing properties have been recently proposed
for strain-monitoring of civil structures. Although different methods have been used to install
cement-based sensors in concrete elements, there is a lack of systematic experimental
comparisons between self-sensing mechanisms provided by different procedures. This work
investigated the bonding performance of different interface agent types (cement-based
bonding agent, polyurethane-based interface and epoxy-based structural adhesive) between
self-sensing cementitious materials and concrete substrates. It also reported the strain-
monitoring performance and the compressive behavior of cement sensors embedded into
masonry units using three methods: (i) the cement sensor was in the hardened state and the
concrete structural element was in the fresh state during the installation process (HS/FC -
hardened sensor/fresh concrete); (ii) the fresh cement sensor was installed in hardened
concrete units (FS/HC - fresh sensor/hardened concrete); and (iii) both components were in
the hardened state during the installation process (HS/HC - hardened sensor/hardened
concrete). Results indicated that the epoxy-based structural adhesive provided the best
bonding performance and ensured suitable transference of stresses between cement-based
sensors and the monitored concrete element. The HS/FC and the FS/HC approaches were
found to be appropriate for future cement-based sensors installations because they provided

composites with appropriate values of average gauge factor and mechanical performance.

Keywords: Structural Health Monitoring, concrete units, smart cement-based composites,

carbon black nanoparticles, embedding approaches.
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5.1. INTRODUCTION

Recent improvements in the understanding of piezoresistive properties of cementitious
materials containing conductive admixtures enabled the development of multifunctional
concretes with intrinsic abilities of stress, strain and damage sensing. The traditional sensing
technologies used in Structural Health Monitoring (SHM) systems are usually expensive,
have poor long-term durability, do not exhibit a natural compatibility with infrastructures,
require skilled workers for installation, demand high maintenance costs, and do not support
frequent service loads and harsh environmental conditions (Ding et al., 2022; Han et al.,
2015b; Hussain et al., 2022). The large-scale application of conventional SHM systems is
often limited by the lack of scalability, as numerous sensors are required for damage
diagnosis, localization, and prognosis of large structures (Laflamme et al., 2016). Compared
to the traditional sensors used in SHM, the practical use of self-sensing cementitious
materials is advantageous in many different aspects, including low cost, natural compatibility
with civil structures, in addition to high mechanical strength, durability, sensitivity,
authenticity and robustness (Chung, 2021; Dong et al., 2022; Han et al., 2020; Ubertini and
D’Alessandro, 2018).

Previous papers reported an appropriate self-sensing response for monitoring stress and
strain in different types of cementitious composites subjected to quasi-static loadings (Birgin
et al., 2023; Dong et al., 2021a, 2021b, 2020; Nalon et al., 2020, 2021a; Suchorzewski et al.,
2020; Xu et al., 2021) or dynamic loadings in the frequency range of 0.1-5 Hz, covering the
typical frequency content of the dynamic response of large civil engineering structures
(Adresi et al., 2021; D’Alessandro et al., 2021; Garcia-Macias et al., 2017; Materazzi et al.,
2013; Meoni et al., 2018). Therefore, the self-sensing materials can successfully detect
loading redistributions associated with the development of structural damages (Meoni et al.,
2021a, 2019). In addition, the conductive network inside the smart composites is broken
down when severe damage occurs in the self-sensing cementitious matrix, increasing their
electrical resistivity (Han et al., 2015b). Consequently, the self-sensing materials are able to
demonstrate a response to the initial propagation of cracks, progressive and sudden damage
events, which suggests another interesting potential for SHM of civil infrastructures (Ding et
al., 2023). Different multichannel measurement techniques have also been investigated for

practical field implementations of smart cement-based sensors. These methodologies are
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based on various configurations of circuit diagrams containing reference resistors and self-
sensing composites whose electrical outputs are obtained by direct current (DC) methods
(Han et al., 2015b, 2007), alternating current (AC) methods (Kang et al., 2018; Machan and
Steffan, 2015), or biphasic DC methods (Downey et al., 2017; Meoni et al., 2021b).

According to previous literature (Abedi et al., 2021; Han et al., 2015a; Horszczaruk et
al., 2016), self-sensing cementitious composites can be applied to structural elements using
different configurations, such as the bulk, coating/sandwich, bonded and embedded forms.
In the bulk approach, structural elements are exclusively made of self-sensing concrete. In
the other configurations, the self-sensing cementitious materials are only applied to key
locations of civil structures. Previous works have proposed different key locations for self-
sensing composites such as the top and bottom of middle span or side span of concrete beams
(Liu et al., 2018; Xiao et al., 2011a); center of concrete columns (Ding et al., 2019; Xiao and
Li, 2006); sleepers and ballasts of railway systems (Lee et al., 2020; Xu et al., 2020); lintel
supports, connections and arches of masonry structures (Downey et al., 2018); sections of
track slabs (Ding et al., 2022; Han et al., 2013); among others. Compared to the other
configurations, the bulk form has some drawbacks such as lower monitoring efficiency,
higher construction cost and higher susceptibility of steel reinforcement to corrosion
mechanisms (Abedi et al., 2021; Han et al., 2015a; Horszczaruk et al., 2016). In fact, previous
research (Garcés et al., 2012, 2005; Hassan et al., 2019; Li et al., 2020) reported that steel
corrosion rates were higher in cementitious matrices containing carbonaceous admixtures,
due to the higher electrical conductivity of the composites and destruction of the passivating
layer on the steel rebar surface. Moreover, Han et al. (2022) verified that the embedded
approach improved the sensitivity, signal-to-noise ratio and repeatability of the cement-based
sensors, compared to the bulk and coating/sandwich configurations.

When the bulk approach is not used, three main installation methods (Figure 1) have
been applied to incorporate self-sensing cementitious composites into key locations of
structural elements (Baeza et al., 2013; Ding et al., 2019; Han et al., 2013; Meoni et al.,
2021b; Sun et al., 2014; Ubertini and D’ Alessandro, 2018). In the first method, the cement-
based sensor is in the hardened state and the concrete structural element is in the fresh state
during the installation process (HS/FC method - hardened sensor/fresh concrete). In the
second approach, the fresh cement-based sensor is installed on hardened concrete elements
(FS/HC method - fresh sensor/hardened concrete). In the last case, both cement-based sensor

and structural element are in the hardened state during the installation procedures (HS/HC
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method - hardened sensor/hardened concrete). For practical application purposes, previous
studies (Baeza et al., 2013; Han et al., 2013; Monteiro et al., 2017; Sun et al., 2014; Xiao et
al., 2011a) have also proposed different types of interfaces between the self-sensing
cementitious materials and the structural concrete element, such as epoxy resin or
cementitious bonding agents. These interface types improved bonding and/or waterproofing

performances.

Figure 1 - Installation methods used to apply self-sensing cementitious composites to structural elements.
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Source: Source: (a) adapted from Ubertini and D’ Alessandro (2018), Copyright 2018, with permission from
Elsevier; (b) adapted from Sun et al. (2014), Copyright 2014, with permission from Elsevier; (c) adapted from
Ding et al. (2019), Copyright 2019, with permission from Elsevier; (d) adapted from Meoni et al. (2021b) as
permitted under the Creative Commons Attribution License Agreement; (e) and (g) adapted from Baeza et al.
(2013), as permitted under the Creative Commons Attribution License Agreement; (f) and (h) adapted from
Han et al. (2013), Copyright 2013, with permission from IOP Publishing.

The HS/FC method is used for construction of new self-sensing structures. For
example, Figure la shows small-size cementitious sensors that were prefabricated by
Ubertini and D’Alessandro (2018) and placed in the rebar cage before casting of reinforced
concrete elements. In Figure 1b, a fixture frame was used by Sun et al. (2014) to place a
cementitious sensor in the mid-height region of a column’s cylindrical mold before concrete
pouring. In this case, the surface of the cementitious sensor was coated with epoxy resin (826
Epoxy) with curing agent (Polyisocyanate) for waterproofing. The embedded sensor was able
to sense strain and stress of the column up to a compressive stress of 154 MPa. In addition,
column damage was monitored based on irreversible changes in the electrical resistance of

the cementitious sensor. Similarly, Ding et al. (2019) used the HS/FC method by placing
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their cementitious sensor at the center of a prismatic concrete column during the pouring
process (Figure 1c). The embedded sensors exhibited stable and repeatable self-sensing
properties under cyclic and monotonic compression. Figure 1d shows a reinforced concrete
plate with embedded cubic cementitious sensors tested by Meoni et al. (2021b). Six electrical
measurements per hour were obtained from the sensors embedded into this concrete plate for
three days. The authors observed that the electrical output was mainly affected by
temperature changes and all cement sensors exhibited consistent temperature sensitivity.

In contrast, the FS/HC method has been mainly proposed for SHM of existing civil
structures. For instance, Baeza et al. (2013) covered the surface of a reinforced concrete beam
with the cementitious sensor in the fresh state (Figure le), after surface cleaning and
application of an epoxy-based bonding agent (Sikadur-32 Fix). The cement paste was able to
act as a strain sensor attached to the concrete beam, even when the structure was close to the
failure. Han et al. (2013) also used the FS/HC method to integrate cast-in-place cementitious
sensors into a concrete pavement test section. As indicated in Figure 1f, the fresh
cementitious sensor was poured into a groove that was cut in an existing concrete pavement.
After that, it was surface-smoothed and covered with a plastic film for curing. The self-
sensing material was able to monitor the passing of different vehicles under different
vehicular speeds and test environments.

Self-sensing cementitious materials can be also installed in existing structures using
the HS/HC method. As exemplified in Figure 1g, Baeza et al. (2013) attached some hardened
self-sensing cementitious composites to the surface of a reinforced concrete beam using a
thin layer of an epoxy resin to ensure suitable strain transmission between the sensor and the
beam. The cementitious composites were also able to monitor strain of the concrete beam.
Han et al. (2013) also installed precast cementitious sensors in a groove cut in a road concrete
pavement (Figure 1h), using a cement mortar as bonding agent. Road test results indicated
that these cementitious sensors could develop a real-time online detection of vehicle passing.

Although a self-sensing response was reported in papers dealing with all installation
methods (HS/FC, FS/HC and HS/HC), many practical drawbacks have been observed in
these different approaches. For instance, Baeza et al. (2013) observed that cementitious
sensors installed in a reinforced concrete beam using the FS/HC and HS/HC methods were
not applicable as damage sensors. Another example was provided by Azhari (2008), who
observed that the bond between the concrete beam and the sensor embedded using the HS/FC

method was not adequate, leading to unreliable FCR measurements. Han et al. (2022) also
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reported a weak interface between the self-sensing coating and the concrete substrate (HS/FC
method), eventually leading to the peeling of the coating. After the peeling, the coating was
unable to monitor the strain. Although these issues have always been a concern for
researchers, direct comparisons between the efficiency of different bonding agents used in
the installation of self-sensing cementitious materials have not been reported to date.
Although three different methods (HS/FC, FS/HC and HS/HC) have been extensively used
to incorporate self-sensing cementitious materials into structural elements, a systematic
comparison between the mechanisms of strain-sensing behavior provided by these different
methodologies was not reported in previous works.

Considering these gaps in the literature, the present experimental investigation
provided the following contributions to the current state-of-the-art: (i) comparison of the
bonding performance of different interface agent types (cement-based bonding agent,
polyurethane-based interface and epoxy-based structural adhesive) between the self-sensing
cementitious materials and the structural concrete element; (ii) strain-monitoring
performance of a self-sensing cementitious composite embedded into a concrete unit using
the HS/FC, FS/HC or HS/HC approaches; and (iii) mechanical performance in compression
tests of concrete units containing a cement-based sensor that was installed with the HS/FC,
FS/HC or HS/HC methods.

This chapter is structured in four sections. Section 5.1 introduces the use of self-sensing
cementitious materials and reviews different installation methods applied to incorporate them
into structural elements. Section 5.2 presents the materials and methods used in bond strength
tests, piezoresistive tests and uniaxial compressive strength tests. In Section 5.3, the
experimental results are presented, evaluated via statistical analyses of variance (ANOVA)
and carefully discussed. Then, Section 5.4 shows the final remarks and the recommendations

for future studies.

5.2. MATERIALS AND METHODS

5.2.1. Materials

Self-sensing cementitious composites were produced with portland cement CP V-ARI
(specific mass of 3.05 g/cm3) similar to the Type III (ASTM, 2022) portland cement (Mehta

and Monteiro, 2005); river quartz sand (specific mass of 2.64 g/cm3 and maximum particle
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size of 2.38 mm), carbon black nanoparticles (CBN) supplied by Birla Carbon (particle size
of 20 nm, surface area of 120 m?g and dibutyl phthalate absorption number of
124.7 cm3/100g); and polycarboxylate-based superplasticizer PowerFlow 4001 (density of
1.12 g/cm3). CBN were selected as conductive admixtures because they combine many
advantages, such as high electrical conductivity, low cost, high specific surface area, and
good dispersibility in the presence of water and superplasticizer (Han et al., 2020; Huang et
al., 2018; Monteiro et al., 2017).

Concrete units (average dimensions of 20 cm x 10 cm X 8 cm, average compressive
strength of 26.98 MPa and average water absorption of 8.37%) were used as structural
elements in which the self-sensing cementitious composites were embedded. These units
were produced with the same cement and fine aggregates used to produce the self-sensing
mortars, in addition to gneiss coarse aggregates (specific mass of 3.00 g/cm? and maximum
particle size of 9.50 mm).

Finally, three different interface agent types were investigated in this work: (i) a
cement-based bonding coat (Nafufill KMH, with density of 2.10 g/cm3); (ii) a polyurethane-
based resin (MC-Proof 2200, with density of 1.39 g/cm?); and (ii1) an epoxy-based structural
adhesive (Tecbond MF Quartzolit, with density of 1.70 g/cm3).

5.2.2. Production of self-sensing cementitious composites

The self-sensing cementitious composites were produced with a sand/cement ratio
equal to 0.75 (in volume), following suggestions of previous literature for getting
cementitious materials with low electrical resistivity (Wen and Chung, 2007). Their
water/cement ratio was 0.50 (in mass) and the concentration of CBN was 9% (by weight of
cement). Initially, a mixture between water, CBN and superplasticizer was subjected to
ultrasonication procedures (frequency of 20 kHz, power of 50 W). The superplasticizer/CBN
ratio was equal to 0.40 (in mass) and the sonication energy was 450 J/mL (these parameters
can improve the dispersion of the nanomaterials, according to results of some preliminary
trials). Then, cement and fine aggregates were added to the nanosuspension (CBN dispersed
in water and superplasticizer) and mixed for approximately 10 min. After that, the fresh self-
sensing mortar was ready to be used to produce the different types of self-sensing specimens

described in Section 5.2.3 and Section 5.2.4.
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5.2.3. Methods for evaluating the bonding performance of distinct interface agent types

To investigate the bonding performance of different types of agents applied to the
interface between the self-sensing cementitious composite and the structural concrete
element, twelve prismatic specimens were prepared, using the procedures indicated in Figure
2. Each specimen consisted of a concrete substrate (5.0 cm cube with the same material of
the concrete units) bonded to a self-sensing cementitious composite (5.0 cm cube produced

with the procedures described in Section 5.2.2).

Figure 2 - Methods for determining the bonding performance between cement sensors and concrete substrate.
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Source: Author (2024).

Firstly, the surface of the concrete substrate was cleaned with compressed air (Figure
2a). Following the recommendations of the manufacturer, each different interface agent type
was applied to the concrete surface. In three specimens (ESA series), the epoxy-based
structural adhesive (ESA) was used (Figure 2b). Three samples (CBC series) were produced
with the cement-based bonding coat (CBC) (Figure 2c). Three specimens (PUI series) were
fabricated using the polyurethane-based resin in the interface (PUI) (Figure 2d). Some
reference specimens (REF series) were fabricated without any type of interface agent.
Therefore, for each different type of specimen, three replicates were prepared. Each specimen
was designated as x-Sy, in which the term “x” indicates the series of the specimen (ESA,
CBC, PUI or REF) and the term “y” refers to the specimens’ replications (1, 2 or 3).

After that, the fresh self-sensing mortar was poured into the molds (Figure 2¢e) in two
layers of equal height. Each layer was compacted with 30 strokes of a steel tamping rod.

After that, the electrodes were placed at the central region of the cement sensor cube (the
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spacing between the electrodes was about 10 mm). After 72 hours, the prisms were demolded
and placed in a moist room (relative humidity higher than 85% and temperature of 20 £+ 5 °C).
The total curing period of the self-sensing mortar was 28 days. The specimens were covered
with a plastic film to prevent water evaporation during the curing process. Around 24 hours
before the tensile bond tests, two metal plates were bonded to the top and bottom surfaces of
the specimens using epoxy adhesive (Figure 2f).

The bonding performance was evaluated by applying a tensile force on the top and
bottom metal plates of the specimen at a rate of 0.5 mm/min, using an EMIC DL-60000
universal testing machine (Figure 2g). The tensile force was measured using an S-type load
cell. The relative displacement between the top and bottom surfaces of the specimen was
measured using a linear variable differential transformer (LVDT). Force and displacement
data were acquired at a rate of 2 Hz, using the QuantumX MX1615 and the QuantumX
MX840A data acquisition systems, respectively.

5.2.4. Methods for analyzing distinct methods to install cement-based sensors

To investigate the strain-monitoring ability and the compressive behavior of a self-
sensing cementitious composite embedded into a concrete unit using the HS/FC, FS/HC or
HS/HC approaches, other specimens were prepared using the methods of Figure 3. Three
equal specimens were produced for each installation approach (three replicates for each
different series). Each specimen was designated as z-Sw, in which the term “z” indicates the
series of the specimen (HS/FC, FS/HC or HS/HC) and the term “w” refers to the specimens’
replications (1, 2 or 3). Since the epoxy-based structural adhesive provided the best bonding
performance (results presented in the next section), this type of interface agent was used in
all of these specimens. In addition, three prismatic specimens of non-embedded cementitious
sensors (NES series) were tested for comparison purposes, as discussed in the next section.

Firstly, prismatic self-sensing mortars of 2.0 cm x 2.0 cm x 4.0 cm were produced
(Figure 3a) to be incorporated into solid concrete units. To support some of the discussions
in the next section regarding the specimens’ confinement effects on piezoresistive properties,
NES samples were produced with dimensions of 2.0 cm x 2.0 cm x 6.0 cm. All self-sensing
composites were cast in two equal layers compacted with 30 strokes of a steel tamping rod.
Two electrodes were placed at the mid-height of the specimens (the spacing between the
electrodes was approximately 10 mm). Concrete units of 20.0 cm x 10.0 cm x 8.0 cm with a

central hole (Figure 3b) of approximately 2.3 cm X 2.3 cm X 4.3 cm were also produced.
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These specimens were covered with plastic film and subjected to a curing period of 28 days
(relative humidity higher than 85% and temperature of 20 £+ 5 °C). After the curing period,
the self-sensing mortars were dried at 60 = 10 °C for 72 h to mitigate ionic conduction
mechanisms and meet the suggestions of previous studies (Han et al., 2021; Wang et al.,
2021, 2019). After that, the surface of the self-sensing mortar specimens (Figure 3c and
Figure 3d) and the internal surface of the concrete units’ holes (Figure 3e) were covered with

the structural adhesive.

Figure 3 - Different methods used to install a self-sensing cementitious material in concrete units.

Hardened cement-based sensor + Hardened cement-based sensor + Fresh cement-based sensor +
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Source: Author (2024).

To produce the HS/FC specimens, each prefabricated cement sensor was fixed at the
lateral wall of a mold used to cast concrete units (Figure 3f). After 48 hours, the specimens
of this series were demolded. These specimens were also subjected to a curing time of 28
days (Figure 3g). In contrast, HS/HC specimens were produced by manually inserting the
prefabricated cement sensors into the hole of the concrete units (Figure 3h and Figure 31).
The FS/HC specimens were fabricated by molding the self-sensing mortars inside the hole
of the concrete units and using the previously mentioned compaction methods (Figure 3j).

The specimens of this series were also cured for 28 days in moist room (Figure 3k) and then
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subjected to the previously mentioned drying procedures (Han et al., 2021; Wang et al., 2021,
2019), avoiding undesirable effects of ionic conduction during the electro-mechanical tests.

The self-sensing ability of all specimen types was investigated with quasi-static cyclic
compressive loading tests (Figure 4). These tests were composed of three loading-unloading
cycles with amplitude of 30% of the estimated specimens’ strength, in addition to a final
loading cycle with load steps at 10%, 20% and 30% of the estimated specimens’ strength.
Insulating films were placed between the specimens and the steel plates of the EMIC DL-
60000 testing machine, in order to prevent unwanted electrical conduction. EMIC clip-
gauges symmetrically arranged with respect to the central axis of the cement-based sensors
were used for compressive strain measurements. The self-sensing composite was connected
in series with a reference resistor (R,,s= 1000 2) and a +5 V square wave voltage signal (50%
duty cycle and 6 Hz frequency) was applied to the system by a microcontroller board
(Arduino Mega 2560 R3). To deal with polarization effects, voltage drops across the self-
sensing mortar (U,) and the reference resistor (U,.s) were acquired using a NI compact DAQ-
9178 chassis with NI-9219 modules. These voltage measurements were obtained at specific
time instants (80% of the positive constant part of the square wave signal), following
recommendations of previous works (Downey et al., 2017; Meoni et al., 2021a; Nalon et al.,
2021b). Since the frequency of the square wave was 6 Hz, the sampling frequency of the
voltage measurements was also 6 Hz. Equation (1) was used to calculate the electrical current
of the circuit (7). The electrical resistance of the self-sensing composite (U,,) was calculated
with Equation (2). Specimen geometrical properties (distance between electrodes, L, and
effective area between electrodes, A) were used to estimate the electrical resistivity p of the
material, as indicated in Equation (3). Then, the fractional changes in electrical resistivity
(FCRs) of the cement sensors (percentage changes in electrical resistivity related to the initial
electrical resistivity) could be determined during the compressive loading. The values of FCR
and compressive strain obtained in these piezoresistive tests were used to determine the gauge

factor of the specimens.

U
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Figure 4 - Experimental setup used in piezoresistive tests.
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Source: Author (2024).

After the piezoresistive tests, the specimens were subjected to uniaxial compression
tests to investigate the compressive strength and the failure mode associated with the different
approaches used to embed the cement sensors within the concrete units. The deformation
properties of the materials used to cast the concrete units and the self-sensing cementitious
composites were experimentally determined. The modulus of elasticity of specimens with a
high height/width (or height/length) ratio (prisms of 2.0 cm x 2.0 cm x 6.0 cm) was
determined, using three replicates and the load-time history of the methodology A of ABNT
NBR 8522 (2017). In the case of the solid concrete units, the prismatic samples with the
appropriate dimensions were directly cut from the units. All mechanical tests were also
carried out in an EMIC DL-60000 universal testing machine, using a constant loading rate of

0.50 MPars.

5.2.5. Statistical analyses

The maximum tensile force, gauge factor and compressive strength results were
subjected to different statistical analyses: (i) Grubb’s test for outlier detection, (ii) Shapiro-
Wilk test for evaluation of normality of residuals, (iii) Bartlett test for verification of
homogeneity of variances, (iv) analysis of variance (ANOVA) for evaluation of differences
between average values, and (v) Tukey’s test for pairwise comparisons between average
values. APPENDIX 5A shows the null and alternative hypotheses used in all these tests. A

significance level equal to 5% was used in all statistical analyses.
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5.3. RESULTS AND DISCUSSIONS

5.3.1. Bonding performance of different interface agent types

The average values of maximum tensile force obtained in the tensile tests of specimens
with different bonding agent types are presented in Figure 5a. For this response variable,
statistical analyses of APPENDIX 5A indicated that ANOVA assumptions were not violated.
Then, a P-value equal to 1.1 x 10 was obtained in the ANOVA of the maximum tensile
force dataset, which indicates that the type of interface bond agent statistically affected the
bonding between the self-sensing cementitious composite and the concrete substrate.

Figure 5 - (a) Maximum tensile force (bars that share the same uppercase letter are not significantly different

by the Tukey’s test at the 5% significance level) and (b) force-displacement curves of specimens fabricated
with different bonding agent types.
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The standard deviation observed in the ESA series was significantly lower than the
standard deviation of the other series. Consequently, the post-hoc Tukey's test did not detect
statistical difference between the average values of maximum tensile force of CBC, PUI and
REF series (these series share the same uppercase letter “B” in Figure 5a). In contrast, the
maximum tensile force of the ESA series was statistically higher than that observed in the
other series. The average value of maximum tensile force of the ESA series was 58.1%,
105.7% and 202.2% higher than the maximum tensile force observed in the CBC, PUI and
REF series, respectively. Some papers published in recent literature did not use interface
bond agents between self-sensing materials and concrete substrate, which may cause

questionable experimental results due to issues in the transference of stresses between the

materials and/or premature failure at the interface.
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According to Figure 5b, small displacement values up to the failure (< 17 pum) were
measured by the LVDT attached to the specimens of the REF, CBC and ESA series, whereas
high displacement values were observed in specimens of the series PUI. The brittle behavior
observed in REF, CBC and ESA series and the ductile behavior verified in PUI specimens

can be explained based on the three different typical failure modes indicated in Figure 6.

Figure 6 - Failure modes observed in tensile bond tests of specimens with different bonding agent types

(a)  Without any type of (b) Polyurethane-based | [ (c) ~ Cement-based (d) Epoxy-based
interface agent resin interface bonding coat structural adhesive

Source: Author (2024).

Debonding between the self-sensing mortar and the concrete substrate was observed in
specimens of the REF and CBC series (Figure 6a and Figure 6b, respectively). Since the
debonding phenomenon was observed in the absence of an interface agent bond or with the
use of cement-based bonding coat, low levels of tensile force (Figure 5a) were able to cause
a brittle detachment of the cement-based sensor. Since the average maximum tensile force of
the CBC series was 91.2% higher than that verified in the REF series, the cement-based
bonding coat may help to delay the debonding phenomena. However, high variability was
observed in REF and CBC series (statistical difference was not observed between the average
values of maximum tensile force of these series), so that the percentage adhesion benefits
provided by the cement-based bonding coat could not be proved statistically.

When the polyurethane-based resin was used, a brittle failure was not observed.
However, the specimen was not able to withstand high load levels because large deformations
and partial debonding (Figure 6b) happened at the interface when tensile forces between
1055 N and 1920 N were applied (Figure 5b). Although complete debonding was not verified

in these specimens, the high deformation of the polyurethane-based interface can be a
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limitation for practical application of self-sensing cementitious materials. In this situation,
the deformations monitored by the cement sensor will not reflect the actual deformations of
the monitored structural element.

In contrast, the use of the epoxy-based structural adhesive was able to prevent
debonding mechanisms at the interface between the cementitious sensor and the monitored
concrete, so that Figure 6d indicates that the failure mechanism of ESA specimens series was
characterized by tensile rupture in the region of the specimen with lower net area available
to support the tensile loading (region close to the electrodes). Thus, the epoxy-based
structural adhesive was found to be the best alternative to prevent debonding mechanisms
between self-sensing composites and the concrete substrate, ensuring an appropriate
transference of stresses between these materials, so that the failure mode was not related to
limitations associated with the mechanical properties of the interface.

It is important to highlight that the mechanical strength of the self-sensing mortar used
in this study was higher than the mechanical strength of the concrete substrate (detailed
discussions about the strength of these different materials are presented at the end of Section
5.3.2). The tensile rupture of Figure 6 did not happen at the concrete cube because the net
area to withstand the applied tensile force in the tests of the present study was significantly
lower at the horizontal plane in which the electrodes of the self-sensing material were located.
If possible, the preferred orientation of electrodes in monitored structures should not be in
the same direction of maximum tensile stresses, preventing undesirable effects related to the
loss of contact between the electrodes and the self-sensing cementitious matrix. Electrodes
should preferably be oriented in the direction of compressive strains and theoretical models
of piezoresistivity of composites under multi-axial strain (Liu et al., 2015; Xiao et al., 2015,

2010) can be applied to interpret the electrical response of the cement sensors.

5.3.2. Self-monitoring and compressive behavior of cement-based sensors embedded

into concrete units using different methods

Strain-sensing behavior was observed in the piezoresistive tests of all specimens
investigated in the present study, except for the HS/HC-S3 specimen (reasons for the distinct
behavior of this specimen are discussed below). The FCRs due to cyclic compressive loading
are associated with changes in the inter-particle distance between the CBN incorporated in
the cement-based sensors and their effects on tunneling conduction mechanisms within the

cementitious matrix. Changes in the distance between conductive spots and variations in the



185

tunneling resistance become the dominant mechanisms of pressure-sensitivity (Deng and Li,
2018; Ding et al., 2020; Li et al., 2006; Nalon et al., 2020; Xiao et al., 2016). In Figure 7, the
FCRs were plotted against the strain measurements. Linear regression analyses were used to
elaborate models that provided the best fit to the experimental data associated with the linear
part (Chung, 2020) of the FCR vs compressive strain curves. Reversible FCR variations upon
loading and unloading cycles were also observed in previous research investigating different
types of self-sensing materials (Ding et al., 2021; Dong et al., 2021b; Han et al., 2022; Lima
et al., 2020; Nalon et al., 2021a).

Figure 7 - FCR vs compressive strain curves of self-sensing cementitious composites installed with the
(a) HS/FC method, (b) HS/HC method, (¢) FS/HC method and (d) non-embedded cementitious sensors.
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The gauge factor of the cementitious sensors was determined as the slope of the
developed regression models. Average values of gauge factor of self-sensing cementitious
composites installed using different approaches (HS/FC, HS/HC and FS/HC methods) and
the average gauge factor of non-embedded cementitious sensors are present in Figure 8a.
According to the statistical analyses of the APPENDIX 5A, ANOVA assumptions were met
and the ANOVA provided a P-value of 5.2 x 10, indicating that the type of installation
statistically affected the strain-sensing response of the CBN-based cementitious composites.

Figure 8 - (a) Gauge factor and (b) compressive strength results (bars sharing an uppercase letter are not
significantly different by the Tukey’s test at the 5% significance level).
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The results of Figure 8a indicated that the average gauge factor of non-embedded
specimens (NES series) was 56.3-74.4% of the average gauge factor of the other series
(HS/FC, HS/HC and FS/HC). It happened because the central zone of NES specimens was
subjected to uniaxial compression, whereas the cement-based sensors embedded into the
concrete units were subjected to a triaxial compression state due to two different reasons.

The solid concrete units with incorporated self-sensing mortars had a height/length
ratio equal to 0.4 and a height/width ratio equal to 0.8, whereas the non-embedded specimens
had height/length and height/width ratios of 3.0. The friction between the specimen and the
testing machine plates causes restraining effects that decrease the lateral expansion of the
specimens when the vertical compressive loading increases. If the height/length ratio of the
specimen is lower than about 1.7, its central part will not be free from restraining effects of
the testing machine plates, i.e., a zone of uniaxial compression does not exist within these
specimens (Neville, 2011). Therefore, the cement-based sensors installed in the concrete

units of the HS/FC, HS/HC and FS/HC series were significantly affected by lateral confining
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stresses (height/length and height/width lower than 1.7), whereas the central zone of
specimens of the NES series tended to be subjected to uniaxial compressive stress
(height/length and height/width higher than 1.7).

The modulus of elasticity of the concrete units was 20.77 + 1.45 GPa, whereas the
modulus of elasticity of the self-sensing cement sensors was 14.00 = 0.30 GPa. When the
specimens of the HS/FC, HS/HC and FS/HC series were subjected to the piezoresistive tests,
the cement-based sensor tended to present higher lateral deformations than the concrete units
due to the different values of modulus of elasticity. Due to the strong adhesion provided by
the epoxy-based structural adhesive, those differential movements were restrained and lateral
stresses were mobilized in both components. The lateral deformation of both materials was
an intermediate value between the amounts that each different material tended to deform.
The complex states of stress and strain generated in self-sensing composites embedded into
concrete elements were carefully evaluated in the finite element models developed by Cui et
al. (2017). The lateral expansion of the cement-based sensor embedded into the concrete units
was lower than that of the NES specimens. In addition, they were subjected to lateral
compressive stresses due to the deformation restrictions provided by the stiff concrete unit.

According to previous theoretical and experimental investigations (Liu et al., 2015;
Xiao et al., 2015, 2010), the piezoresistive response of cementitious composites containing
randomly distributed CBN is strongly dependent on the transversal deformations of the
composites subjected to vertical compressive loading. According to these studies, when the
vertical load increases, the FCRs are higher when the lateral expansion of the self-sensing
cementitious sensors is restrained (apparent Poisson’s ratio is reduced). In the present study,
the lateral expansion of the cement-based sensors embedded into the concrete units was
restrained by (i) lateral confining effects provided by the machine plates due to the low
height/length and height/width ratios of the units and (i1) restraining effects provided by the
units due to their high stiffness. Consequently, FCR amplitudes and gauge factor values of
the embedded cement-based sensors were higher than those observed in non-embedded
cement-based sensors.

According to Figure 8a, the average gauge factor of the HS/HC series was slightly
lower than the average gauge factor of the FS/HC and HS/FC series. An inspection of the
failed specimens after the compressive strength tests revealed the reasons for this difference.
As indicated in Figure 9a and Figure 9c, the cement-based sensors of the FS/HC and HS/FC

series were completely covered by the cracked concrete unit matrix, so that the epoxy-based
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interface was rarely visible. Figure 9b shows that the use of the HS/HC installation method
caused very poor adherence between the cement-based sensor and the concrete units, so that
the epoxy-based interface was clearly visible at the surface of the sensors. Mechanical
stresses were only transferred from the concrete unit to the sensor in few locations where the
components touched each other. Since stresses were not properly transferred to the sensors
when the HS/HC approach was used, lower FCR amplitudes were observed in the curves of
Figure 7 and lower values of gauge factor were reported in Figure 8a. The yellow arrow of
Figure 9b indicates that the back surface of the specimen HS/HC-S3 did not touch the
concrete unit. The poor contact between the sensor and the structural element being
monitored explains the negligible FCR observed in the FCR vs strain curve of the specimen
HS/HC-S3 (Figure 7).

Figure 9 - Failure modes observed in compression tests of specimens produced with the (a) HS/FC, (b)
HS/HC and (c) FS/HC method of installation of cement-based sensors.
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The gauge factors of specimens produced with the HS/FC and FS/HC series were
statistically equal, according to the Tukey’s test. However, it is important to highlight that
the specimens of the FS/HC series did not present relevant FCRs for low compressive strain
levels, which was represented by a horizontal plateau at the beginning of the FCR vs
compressive strain curves of specimens FS/HC-S1, FS/HC-S2 and FS/HC-S3 (Figure 7). The

gauge factor values were not affected by this problem because they were calculated at the
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linear part of these curves, as recommended by Chung (2020). This issue was caused by the
poor bonding between the cement-based sensors and the electrodes, due to the use of the
FS/HC installation methodology. Since excellent bonding was verified at the interface
between concrete units and self-sensing mortars in the FS/HC series (Figure 9c), drying
shrinkage during the curing process of the cement-based sensors caused debonding issues at
the interface between the electrodes and the self-sensing mortars (Figure 10). In the loading
cycles of the piezoresistive tests of these composites, the electrical resistivity of the specimen
only started to decrease when the gaps caused by shrinkage effects were closed, which
abruptly formed conductive passages that enabled the measurement of the self-sensing
response of the composite. Future studies are recommended to develop shrinkage control
strategies that would enable the practical application of the FS/HC installation method for

self-monitoring of strain in civil structures.

Figure 10 - Debonding between electrodes and self-sensing mortars of specimens of the FS/HC series.
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Field investigations and experimental results indicated that the shrinkage issues only
affected the electrode/mortar bonding of specimens produced with the FS/HC installation
method (HS/HC and HS/FC series were not affected). It can be attributed to the very distinct
boundary conditions of these specimens during the production, curing and drying processes
(Section 5.2.4). In the self-sensing mortar prisms of the HS/HC and HS/FC series, sensors
were prefabricated in oiled molds (Figure 3a) and subjected to curing (20 + 5 °C for 28 days)

and drying (60 = 10 °C for 72 h) processes without lateral restraints. Since the self-sensing
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mortar prisms were not laterally restrained during these autogenous and drying shrinkage
processes, the original dimensions of the prisms tended to reduce, without affecting the
bonding of the electrode/mortar interface. In contrast, the self-sensing mortar of the FS/HC
series was molded inside the hole of the concrete unit (Figure 3j) and then subjected to curing
(20 £ 5 °C for 28 days) and drying (60 £ 10 °C for 72 h) processes with lateral restraints. In
this distinct situation, five faces of the self-sensing mortar prism were restrained by the
concrete unit during the autogenous and drying shrinkage processes. Since these faces were
successfully bonded to the concrete substrate (using the epoxy-based structural adhesive),
the shrinkage process inevitably affected the bonding of the electrode/mortar interface
(especially during the drying process of 60 + 10 °C that happened after 28 days of curing,
i.e., the mortar had a high tensile strength and the planes of weakness were the
electrodes/mortar interfaces).

The average values of compressive strength of HS/FC, HS/HC, FS/HC and NES series
are presented in the Figure 8b. The statistical analyses of APPENDIX 5A revealed that the
ANOVA assumptions were also satisfied in this case. The ANOVA provided a P-value equal
to 1.1 x 107, which indicated a significant statistical difference between the average strength
values being compared.

The Tukey’s test results represented in Figure 8b indicate that the values of average
compressive strength of the HS/FC, HS/HC and FS/HC series were statistically equal (these
bars share the same uppercase letter “B”). In fact, Figure 9 indicates that these specimens
presented the same failure mode, characterized by vertical and/or diagonal cracks at the
concrete units (cracks were not visible at the cement-based sensors). Indeed, the Tukey’s test
results also indicated that the compressive strength of non-embedded cementitious sensors
was significantly greater than the strength of the concrete units with embedded cementitious
Sensors.

Compressive strength results are in good agreement with recommendations of previous
literature (Liu et al., 2018; Xiao et al., 2011b, 2011a) that define that the compressive strength
of embedded self-sensing concretes must be equal or higher than that of the concrete
substrate. This recommendation aims to avoid negative effects on the self-monitoring
performance (self-sensing behavior disappears if the self-sensing material fails before the
failure of the monitored concrete substrate). In addition, the incorporation of self-sensing
cement sensors with high mechanical properties will not reduce the original strength of the

monitored structure.
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5.4. CONCLUSIONS

In the present study, self-sensing cementitious materials were embedded into concrete
units for strain-monitoring using different installation approaches (HS/FC, HS/HC and
FS/HC methods). The main motivation behind the development of the present experimental
program was the lack of systematic comparisons between self-sensing mechanisms provided
by these different installation methodologies. In addition, there was no previous investigation
of bonding performance between the cement sensors and the concrete substrate. Uniaxial
tensile tests were carried out to investigate the bonding performance provided by different
types of agents (cement-based bonding agent, polyurethane-based interface and epoxy-based
structural adhesive) applied to the interface between the self-sensing cementitious composite
and the structural concrete element. In addition, self-sensing cementitious materials were
embedded into concrete units using the different installation approaches and the obtained
specimens were subjected to piezoresistive and uniaxial compression tests. The following
conclusions derived from this work:

(1) The type of interface bond agent statistically affected the bonding between the
cement sensors and the concrete substrate. Low levels of uniaxial tensile force
caused partial or complete debonding in specimens without interface agent or
specimens with cement-based bonding coat or polyurethane-based resin. The
epoxy-based structural adhesive prevented debonding mechanisms and ensured
suitable transference of stresses, so that their average maximum tensile force was
up to 202.2% higher than that observed in the other specimens. The bonding
improvements provided by different materials types in the present chapter can
encourage future applications of interface bond agents, which will certainly
improve the quality of future research in this scientific field.

(2) Tensile failure close to electrodes was verified in uniaxial tensile tests of self-
sensing mortars installed with epoxy-based structural adhesive. To prevent
undesirable effects related to the loss of contact between the electrodes and the self-
sensing cementitious matrix, the electrodes of self-sensing composites should not
be orientated in the same direction of the maximum tensile stresses. This conclusion
demonstrates the importance of appropriate design of electrodes orientation in
practical applications of self-sensing cementitious materials. To improve the
quality of future papers in the area, electrodes should preferably be oriented in the

direction of compressive strains and theoretical models of piezoresistivity of
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composites under multi-axial strain can be applied to interpret the electrical
response of the cement sensors.

(3) The installation of the cement-based sensors into the concrete units increased their
strain sensitivity (the average gauge factor of non-embedded cement sensors was
56.3-74.4% of the average gauge factor of embedded cement). It was attributed to
increases in FCRs due to lateral confining effects provided by the machine plates
during compression tests and restraining effects provided by the concrete units due
to their high stiffness. This conclusion elucidates the importance of evaluating the
testing equipment (machine plates) used in piezoresistive analyses and measuring
the elastic modulus of cement sensors and concrete substrate. If the deformation
properties of the cement sensors and concrete substrate are significantly different,
more complex analyses are required to properly interpret the values of FCR
measured in the piezoresistive tests (complex states of stress and strain may occur
close to the areas where the sensors are embedded). To improve the quality of future
studies in the area, it is recommended the use of cement sensors and concrete
substrate with values of deformation properties that could be considered
statistically equal.

(4) Installation procedures (HS/FC, HS/HC and FS/HC methods) caused statistically
significant variations in the strain-sensing response of CBN-based cementitious
composites. In this experimental study, the best self-sensing performance was
provided by the HS/FC method due to appropriate production procedures and stress
transference mechanisms during the piezoresistive tests. Stresses were not properly
transferred to the sensors when the HS/HC approach was used, whereas shrinkage
issues were observed when the FS/HC method was used. Then, this chapter
provided a pioneering systematic comparison between the piezoresistive response
associated with the three different installation methods.

(5) Since stresses were not properly transferred to the sensors when the HS/HC
approach was used, lower FCR amplitudes and lower gauge factor values were
observed in specimens of this series. Therefore, the comparisons between
experimental results of this work indicated that the HS/HC approach should not be
used to install embedded cementitious sensors due to the possibility of serious

installation issues and strain monitoring errors.
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(6) When the FS/HC method was used, drying shrinkage of the cement-based sensor
caused debonding between electrodes and cement sensors. Although the gauge
factor was not affected by this problem, it eventually caused a horizontal plateau at
the beginning of the FCR vs compressive strain curves. Thus, comparisons between
the results of the present work also revealed that the FS/HC approach should only
be used to install embedded cement sensors if proper shrinkage control is carried
out to avoid the debonding between electrodes and cement sensors.

(7) The HS/FC, HS/HC and FS/HC installation methods did not cause statistical
difference in the compressive strength of the concrete unit because the mechanical
strength of the non-embedded cementitious sensors was significantly higher than
the strength of the concrete units with and without embedded cementitious sensors.
Regardless of the installation methodology, the experimental results of this research
suggested that the compressive strength of self-sensing materials should be equal
or higher than that of the monitored structure. The self-sensing material cannot fail
before the monitored structure for two main reasons: (i) the cement sensor should
monitor strain/stress and damage up to the failure of the monitored element and (ii)
the incorporation of the cement sensor should not reduce the original strength of
the monitored structure.

To complement the investigation of different interface bond agent types of this study,
future works are recommended to evaluate the effects of different surface treatments (e.g.,
grinding, abrasive blasting, mechanical milling) on the bonding behavior between
cementitious sensors and concrete substrates. Future works are also recommended to
investigate the effects of cement/aggregate and water/cement ratio on the shrinkage behavior
of self-sensing cementitious materials, in order to enable the practical application of the

FS/HC methodology for self-monitoring of strain and stresses in existing civil structures.
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APPENDIX SA: RESULTS OF STATISTICAL ANALYSES

5A.1. GRUBB’S TEST FOR OUTLIER DETECTION

The results of maximum tensile force, gauge factor and compressive strength of the
specimens tested in the present study were subjected to Grubb’s tests for detection of

statistical outliers.

5A.1.1. Hypothesis and significance level

» Null hypothesis (Hop): all values belong to the same population.
» Alternative hypothesis (Ha): the smallest or the largest value is an outlier.

» Significance level (a): 5%.

5A.1.2. Results of the statistical tests
The results of the Grubb’s tests are presented in Table A1, Table A2 and Table A3.

Table A1l - Grubb’s test statistical summary for the maximum tensile force (in N) dataset.

Grubb's test

Series Mean Standard deviation Minimum Maximum statistic P-value
REF 1021.2 502.3 4434 1355.7 1.15 0.170
PUI 1499.9 429.7 1058.5 1916.9 1.03 0.906
CBC 1952.2 397.3 1599.0 2382.8 1.08 0.676
ESA 3085.2 77.9 3035.2 3175.5 1.15 0.138

Source: Author (2024).
Table A2 - Grubb’s test statistical summary for the gauge factor dataset.

Series Mean Standard deviation Minimum Maximum Grubt?'s.test P-value

statistic

HS/FC 252.0 15.1 240 269 1.12 0.446

HS/HC 207.5 304 186 229 * *

FS/HC 274.0 22.0 252 296 1.00 1.000
NES 154.3 9.1 146 164 1.07 0.756

Note: *The Grubb’s test statistic and the P-value could not be calculated in this case because the specimen
HS/HC-S3 did not exhibit a strain-monitoring response (Grubb’s test cannot be applied to a series with only
two replicates).

Source: Author (2024).
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Table A3 - Grubb’s test statistical summary for the compressive strength (in MPa) dataset.

Grubb's test

Series Mean Standard deviation Minimum Maximum statistic P-value
HS/FC 28.22 1.70 26.94 30.15 1.13 0.354
HS/HC 26.67 1.48 25.13 28.07 1.05 0.827
FS/HC 27.17 1.65 25.87 29.02 1.12 0.448

NES 42.97 2.40 40.35 45.04 1.10 0.614

Source: Author (2024).
5A.1.3. Conclusions of the statistical tests

Since all analyses provided a P-value higher than 0.050, the null hypothesis was not

rejected. Therefore, outliers were not found in the experimental dataset.

5A.2. SHAPIRO-WILK TEST OF NORMALITY

The results of maximum tensile force, gauge factor and compressive strength were
subjected to the Shapiro-Wilk test for verification of normality of residuals, which is one of

the analysis of variance (ANOVA) assumptions.

5A.2.1. Hypothesis and significance level

» Null hypothesis (Ho): residuals are normally distributed.
» Alternative hypothesis (Ha): residuals are not normally distributed.

» Significance level (a): 5%.

5A.2.2. Results of the statistical tests

The results of the Shapiro-Wilk test are summarized in Table A4.

Table A4 - Shapiro-Wilk’s test statistical summary for all response variables.

Response variable Shapiro-Wilk's test statistic P-value
Maximum tensile force 0.943 0.533
Gauge factor 0.931 0.416
Compressive strength 0.933 0.414

Source: Author (2024).
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5A.2.3. Conclusions of the statistical tests

P-values were always higher than 0.050 (null hypothesis was not rejected).

Consequently, the residuals associated with all response variables were normally distributed.

5A.3. BARTLETT TEST OF HOMOSCEDASTICITY

Results of maximum tensile force, gauge factor and compressive strength were
subjected to the Bartlett test for verification of homogeneity of variances, which is one of the

ANOVA assumptions.

5A.3.1. Hypothesis and significance level

» Null hypothesis (Ho): all population variances are equal.
» Alternative hypothesis (Ha): at least two population variances are different.

» Significance level (a): 5%.

5A.3.2. Results of the statistical tests

Table A5 shows the results of the Bartlett test.

Table A5 - Bartlett’s test statistical summary for all response variables.

Response variable Bartlett's K-squared P-value
Maximum tensile force 4.029 0.258
Gauge factor 1.828 0.609
Compressive strength 0.475 0.924

Source: Author (2024).

5A.3.3. Conclusions of the statistical tests

A P-value higher than 0.050 was observed in all Bartlett tests (null hypothesis was not

rejected). Therefore, homoscedasticity was observed in the analyses of all response variables.

5A.4. ANALYSIS OF VARIANCE (ANOVA)

ANOVA was used to analyze differences among means of maximum tensile force,

gauge factor and compressive strength.
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5A.4.1. Hypothesis and significance level

» Null hypothesis (Ho): all means are equal.
» Alternative hypothesis (Ha): at least one mean is different.

» Significance level (a): 5%.

5A.4.2. Results of the statistical tests

The ANOVA results are summarized in Table A6, Table A7 and Table AS.

Table A6 - ANOVA statistical summary for the maximum tensile force dataset.

Degrees of Sum of Mean F test
Source g P-value
freedom squares Square statistics
Treatments 3 7019426 2339809 15.569 1.1x103
Residuals 8 1202340 150292 - -
Total 11 8221765 - - -

Source: Author (2024).

Table A7 - ANOVA statistical summary for the gauge factor dataset

Degrees of ~ Sum of Mean F test
Source o P-value
freedom squares Square statistics
Treatments 3 24951.0 8317.0 23.147 5.2%x10*
Residuals 7 2515.2 359.3 - -
Total 10 27466.2 - - -

Source: Author (2024).

Table A8 - ANOVA statistical summary for the compressive strength dataset.

Degrees of ~ Sum of Mean F test
Source L P-value
freedom squares Square statistics
Treatments 3 552.4 184.1 54.479 1.1x 103
Residuals 8 27 3.4 - -
Total 11 579.4 - - -

Source: Author (2024).

5A.4.3. Conclusions of the statistical tests

P-values lower than 0.05 were obtained in all analyses (null hypothesis was rejected),
indicating that at least one mean is different from the others. Tukey's multiple comparison
tests (5% significance level) were applied to identify which means are statistically different

from the others. Results of these post-hoc tests were tabulated in the main text of this work.
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EFFECTS OF SHRINKAGE-REDUCING ADMIXTURES AND
6 EXPANSIVE AGENTS ON THE SELF-SENSING BEHAVIOR
OF NANOMODIFIED CEMENT-BASED MATERIALS

This chapter has been published as the
following paper: Nalon, G. H.; Ribeiro, J. C. L.;
Araiijo, E. N. D.; Silva, R. M.; Pedroti, L. G.
Effects of shrinkage-reducing admixtures and
expansive agents on the self-sensing behavior of
nanomodified cement-based materials. Journal
of Building Engineering 78 (2023) 107648.
https://doi.org/10.1016/].jobe.2023.107648

Abstract: Shrinkage control is needed to ensure an appropriate installation of cementitious
sensors used in the Structural Health Monitoring of concrete elements. However, the effects
of shrinkage-reducing admixtures (SRAs) and expansive agents (EAs) on the self-sensing
properties of the cementitious sensors is still unknown. Therefore, the present work evaluated
the effects of a SRA and EAs based on calcium oxide (CaO) or calcium sulfoaluminate (CSA)
on the shrinkage behavior, microstructure, self-sensing response and compressive strength
of mortars containing carbon black nanoparticles (CBN). The SRA provided shrinkage
reductions up to 47.4%. CaO-based EA and CSA-based EA provided an expansive behavior.
The admixtures caused increases in electrical resistivity and gauge factor up to 37.1% and
71.0%, respectively. In contrast, they did not cause statistically significant changes in stress
sensibility and compressive strength. A microstructural analysis suggested that portlandite
and ettringite crystals provided by the inclusion of EAs caused interruptions in conductive
paths inside the mortars, which decreased contact conduction mechanisms and increased the
amount of insulating tunneling gaps between CBN, enhancing the gauge factor of the
materials. Therefore, shrinking control admixtures were found to be promising alternatives
to enable the dimensional compatibility between cement sensors and old concrete elements,

and increase the self-sensing properties of smart cementitious composites.

Keywords: Smart cement-based composites, shrinkage control, compressive strength,

piezoresistivity, microstructure.
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6.1. INTRODUCTION

Self-sensing cementitious composites are gaining significant importance in the field of
integrated biomimetic Structural Health Monitoring (SHM) due to their high strain/stress
sensibility, similar lifespan with concrete structures, high robustness, high scalability, easy
installation and maintenance, and natural compatibility with concrete elements (Bekzhanova
et al., 2021; Cassese et al., 2021; Dinesh et al., 2021). In the production process of these
smart materials, conductive admixtures are dispersed in the cementitious matrix phase.
Consequently, they exhibit a piezoresistive response characterized by reversible variations in
electrical resistivity with changes in stress and strain, in addition to irreversible changes in
electrical resistivity due to crack propagation (Bekzhanova et al., 2021; Dong et al., 2019;
Han et al., 2015).

According to previous literature (Downey et al., 2018; Han et al., 2015a, 2015b),
different approaches can be used to incorporate self-sensing structural materials into SHM
systems, such as the bulk, coating, sandwich, bonded and embedded form. Except for the
bulk form, these different approaches propose the installation of the cement-based sensors in
key locations of the structural elements, such as regions of loading concentration or critical
states of stress/strain, sites where progressive failure may occur and specific places of
activation of failure mechanisms. These methods enable suitable monitoring efficiency with
low construction cost and avoid issues of steel reinforcement corrosion.

The embedded form has been widely applied in construction of new structural
elements, i.e., prefabricated cement-based sensors are placed at desired locations during
concrete pouring (Ding et al., 2019; Sun et al., 2014; Ubertini et al., 2017; Ubertini and
D’Alessandro, 2018). The self-sensing concretes can be applied in the embedded form to key
locations of different types of structural elements, such as concrete beams (Liu et al., 2018;
Xiao et al., 2011), concrete columns (Ding et al., 2019; Xiao and Li, 2006), beam-column
joints (Rao et al., 2023), concrete slabs (Ding et al., 2022; Han et al., 2013); railway systems
(Lee et al., 2020; Xu et al., 2020); etc.

However, cement-based sensors can also be embedded into preexisting structural
elements. For example, self-sensing mortars can be applied for the SHM of heritage
structures. This type of application aims to extend the lifespan of the structural elements,

based on predictions of damage propagation and deterioration effects associated with
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different agents (Medeiros et al., 2020; Mishra, 2021; Scuro et al., 2021). On the other hand,
self-sensing concretes can also be applied for SHM of modern structures, in order to expand
the concept of ‘smart structures’, provide information to enable the modification of the
typical use of the buildings, and increase the safety level on a large territorial scale (La
Mendola et al., 2021; Medeiros et al., 2020).

In the experimental program carried out by Han et al. (2013), a groove was cut in
existing concrete pavement, self-sensing mortar was poured into the groove and then surface-
smoothed. After one month of curing, transient and abrupt variations were observed in the
voltage signal of the cast-in-place mortar sensors when vehicles passed over them, so that
they could be used for real-time online traffic detection.

Self-sensing cementitious materials are commonly subjected to drying processes to
avoid undesirable polarization effects on their electrical response (drying procedures mitigate
ionic conduction mechanisms through the pore solution of the composites) (Downey et al.,
2017; Han et al., 2015; Monteiro et al., 2017; Nalon et al., 2021; Xiao et al., 2011). In
addition, they are usually produced with high cement/sand ratios to increase their electrical
conductivity (Wen and Chung, 2007). Consequently, cracking and/or debonding of
embedded self-sensing composites can occur when drying shrinkage is restrained by the
concrete substrate (structural element to be monitored). Shrinkage issues must be resolved
for appropriate application of cast-in-place cementitious sensors. When using the coating
approach, McAlorum et al. (2021) also reported inappropriate bond strength between self-
sensing alkali-activated concrete and concrete structures due to moisture deficit and
shrinkage issues. To replace an existing structural masonry brick by a self-sensing unit in an
existing masonry structure, Meoni et al. (2019), Garcia-Macias and Ubertini (2019)
recommended the use of expansive mortars to avoid shrinkage issues and ensure a reliable
transmission of stresses and strains between plain and smart bricks.

When the embedded approach is applied to existing structures, the cast-in-place
cementitious sensor starts to shrink soon after casting. The application of drying procedures
to mitigate ionic conduction also increases shrinkage effects. To avoid cracking and/or
debonding mechanisms, the shrinkage potential of the self-sensing composites should be
reduced. In this context, shrinkage-reducing admixtures (SRAs) and expansive agents (EAs)
can be used to mitigate the shrinkage behavior of cementitious materials.

SRAs are nonionic surfactants with functional groups that can firmly adsorb water

molecules based on chemical bonding mechanisms. Relevant shrinkage decreases are
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provided by these admixtures, mainly due to surface tension reductions of the pore solution
(Zhang et al., 2022). On the other hand, the incorporation of EA into cementitious matrices
can trigger their macroscopic bulk volume expansion, as these admixtures react with water
and form expansive hydration products, thereby compensating drying shrinkage
deformations (Liu et al., 2022; Tran et al., 2021a). The shrinkage control provided by SRAs
and EAs is a promising alternative to avoid shrinkage cracking and improve the adherence
between cement-based sensor, electrodes and the monitored concrete element.

Although the shrinkage control of cementitious materials with SRA and EA is well
known in the literature, the effects of these different admixtures on the self-sensing properties
of nanomodified cementitious composites is still unknown. Since there is no previous study
of the influence of these admixtures on the piezoresistive response of cement-based sensors,
the present research was carried out to evaluate the drying shrinkage, electrical resistivity,
microstructure, self-sensing properties and compressive strength of smart mortars produced
with carbon black nanoparticles (CBN) and three distinct admixtures: a SRA based on
polypropylene glycol (PPG), an EA based on calcium oxide (CaO), and an EA based on
calcium sulfoaluminate (CSA). Results of shrinkage, electrical and mechanical tests were
explained based on microstructural mechanisms observed in field emission gun scanning
electron microscopy (FEGSEM), X-ray diffraction (XRD), X-Ray Fluorescence (XRF), and
Fourier transform infrared spectroscopy (FTIR) analyses. Using the appropriate shrinkage
control alternatives discussed in the following sections of the present chapter, the developed
self-sensing cementitious materials can be applied for self-monitoring of strain and self-
detection of damage in structural elements of existing civil structures. The experimental
findings of this study indicated the contributions of these admixtures to control drying
shrinkage and improve the self-sensing performance of cast-in-place cementitious sensors.

This work 1s organized in four sections. Section 6.1 presents an introduction about the
practical applications and limitations of self-sensing cementitious materials, definitions and
applications of SRAs and EAs, and original contributions of the present work. Section 6.2
lists the materials and experimental methods used in drying shrinkage, electro-mechanical,
compression and microstructural tests. Section 6.3 presents the results and discussions
obtained from the experiments. Finally, Section 6.4 shows the conclusions and suggestions

for future studies in this area.
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6.2. MATERIALS AND METHODS

6.2.1. Materials

In this study, self-sensing mortars were produced with CP V-ARI Portland cement
(density of 3.05 g/cm3), which is somewhat similar to the ASTM (2022) Type III cement
(Mehta and Monteiro, 2005). The fine aggregates of the self-sensing mortars consisted of
quartz sand with specific gravity of 2.64 and particle size < 2.38 mm. The particle size

distribution curves of these different raw materials are represented in Figure 1.

Figure 1 - Particle size distribution curves of the raw materials.
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Source: Author (2024).

To construct the conductive network inside the self-sensing composites, CBN were
used in this study (specific surface area of 120 m?/g). These conductive nanomaterials were
dispersed in the water used to produce the mortars, using a polycarboxylate-based
superplasticizer (density of 1.12 g/cm3).

The following admixtures were used for shrinkage control: (i) a liquid SRA based on
PPG, (ii) a powder EA based on CaO, and (iii) a powder EA based on CSA. The chemical
composition of the EAs used in the present work was obtained using XRF analyses carried
out in a Panalytical Epsilon 3* equipment. For these analyses, samples of each type of
admixture were obtained by grinding the raw materials and passing them through a #200
mesh standard sieve (75 um opening). The chemical characterization obtained from each

XRF analysis is represented in Table 1. The XRF analysis of the CaO-based EA indicated a
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high content of CaO (96.68%), whereas the XRF analysis of the CSA-based EA revealed
relevant contents of Al2O3 (11.19%), CaO (5.08%) and SOs (8.45%). Therefore, the tabulated
data is in good agreement with the chemical characterization verified in similar EAs used in
previous works (Carballosa et al., 2015; Collepardi et al., 2005; Mehdipour and Khayat,
2018; Natalli, 2017; Natalli et al., 2020; Treesuwan and Maleesee, 2017).

Table 1 - Results of XRF analyses of powder admixtures (wt.%).

Compounds CaO  SiO, ALOs; Fe0O3 MgO Na,O KO TiO, SO; Others
CaO-based EA  96.68 1.41 0.43 0.18 1.14 000 0.00 0.02 0.03 0.11
CSA-based EA 508 72.11 11.19 0.14 0.23 2.35 029 0.07 845 0.09

Source: Author (2024).

6.2.2. Preparation of self-sensing mortars

Three different series of self-sensing mortars were produced with distinct types of
admixtures for shrinkage control, in addition to a reference series, as follows:
(i)  REF series: mortar without admixtures for shrinkage control;
(1)  SRA series: mortar with 2.5% (by mass of cement) of SRA;
(111) EA/CaO series: mortar with 2.5% (by mass of cement) of CaO-based EA;
(iv) EA/CSA series: mortar with 2.5% (by mass of cement) of CSA-based EA.

All compositions were produced with a cement/sand ratio of 0.75 (by volume) to get
mortars with suitable electrical conductivity (Wen and Chung, 2007). The water/cement ratio
was 0.43 (by mass). A constant CBN dosage of 6% (by mass of cement) was used to obtain
cementitious composites within the percolation zone (Nalon et al. 2021). CBN were
dispersed using a constant superplasticizer/CBN ratio of 0.4 (by mass) and an ultrasound
sonication process (frequency of 20 kHz, power of 50 W).

The suspension of CBN, water and superplasticizer was mixed with cement and sand
for about 10 minutes in a mechanical mixer. Then, the fresh mortar was poured into the molds
in two equal layers appropriately compacted with a steel tamping rod (30 strokes). Each series
was composed of three mortar beams of 25 mm x 25 mm X 285 mm for drying shrinkage
tests (a steel gage stud was cast into each end of these specimens, providing a gage length
equal to 250 mm), three 20-mm mortar cubes without electrodes for compression tests, and
four mortar prisms of 20 mm x 20 mm x 60 mm for electrical resistivity and piezoresistive
tests (two copper electrodes of 14 mm X 30 mm X 1 mm were embedded into these
specimens, using a spacing between electrodes of about 8 mm). To evaluate the

microstructural mechanisms behind the engineering properties of the materials, a cylindrical
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mortar specimen (diameter of 35 mm and height of 70 mm) was also produced for each
different series. After a 28-days curing period, they were oven-dried for 3 days at 60 °C and
then cooled down to room temperature, following recommendations of previous studies (Han
et al., 2021; Wang et al., 2019, 2021) for elimination of the influence of ionic conduction
through the pore water during piezoresistive tests.

Following the recommendations of ABNT NBR 15261 (2005), the gage stud holders
were removed from the mortar beams after the compaction procedures (Figure 2a.1), in order
to prevent any restraint of the gage studs during the initial shrinkage of the material. The
required time to completely demold the specimens was 72 h. During this period, they were
covered with a plastic film to avoid moisture losses. After that, the specimens were demolded
and the plastic film was removed. According to prescriptions of the ABNT NBR 15261
(2005), the mortar beams were cured at 23 + 2 °C and relative humidity (RH) of 50 + 5%.

6.2.3. Length change measurements

Length variations of the mortar beams were experimentally obtained, based on
comparator readings at the ages of 3, 7, 14 and 28 days. A final comparator reading was also
carried out after the final oven-drying procedure. As indicated in ABNT NBR 15261 (2005),
the length change & at any age i was calculated according to Equation (1), in which L; is the
difference between the comparator reading of the mortar prism (Figure 2a.2) and the
reference bar (Figure 2a.3) at the age i, Lo 1s the difference between the comparator reading
of the mortar prism and the reference bar immediately after demolding the specimen and G
is the nominal gage length (250 mm). A length comparator device with resolution of
0.001 mm was used.

L-1L,

1

E. =

i G )
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Figure 2 - Methodology of (a) drying shrinkage tests, (b) compression tests, (c) DC electrical resistivity tests,
and (d) piezoresistive tests.
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Source: Figures (a), (b), (d.2) and (d.3) were created by the author (2024); Figure (c) was adapted from Nalon
et al. (2020), Copyright 2020, with permission from Elsevier; and Figure (d.1) was adapted from Nalon et al.
(2021), Copyright 2021, with permission from Elsevier.

6.2.4. Electro-mechanical tests

Cubic specimens were used to determine the compressive strength of the self-sensing
mortars, using an EMIC DL-60000 press and load rate of 0.5 MPa/s (Figure 2b). Mortar
prisms with embedded electrodes were used to determine the direct current (DC) electrical

resistivity. They were also subjected to biphasic DC measurements during piezoresistive tests
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for determination of self-sensing properties, using the experimental setup illustrated in Figure
2c. In DC and biphasic DC tests, each specimen was series-connected with a resistor
Rrer=1000 Q. Using an Arduino Mega 2560 R3 board, a constant 5 V voltage source was
applied to the circuit in DC tests, whereas a £5 V square wave signal (frequency = 6 Hz, duty
cycle = 50%) was applied in biphasic DC tests. The potential difference across the self-
sensing mortar and Ry.r (Un and Uy, respectively) were measured with an NI compact DAQ-
9178 hardware system with NI-9219 modules and the LabVIEW software.

Equation (2) was used to determine the electrical current (i) in the circuit. Using the
electrodes spacing (L) and the effective area between electrodes (A), the electrical resistivity
of the self-sensing mortar (p) was calculated with Equation (3). In biphasic DC tests, values
of Uy, and U, were acquired at 80% of the square wave’s positive part (Figure 2d.1),
following procedures described in previous works (Downey et al., 2017; Meoni et al., 2021;

Nalon et al., 2021).
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Piezoresistive tests of the self-sensing composites were carried out in the EMIC DL-
60000 press, using a load rate of 0.5 MPa/s. At first, the compressive strength of one of the
mortar prisms with electrodes (f,) was obtained to define the appropriate loading amplitude
for the piezoresistive tests. Then, the other three specimens were subjected to cyclic loading
procedures for determination of self-sensing properties. These procedures consisted of three
load-unload cycles up to 0.30 f,, followed by a final load stage applied in three steps: 0.10 f,
0.20 fin and 0.30 f». Axial deformation during the piezoresistive tests was measured by EMIC
clip-gauges symmetrically arranged at the lateral sides of the samples (Figure 2d.2).
Compressive load was measured by the load cell of the EMIC DL-60000 press. Fractional
changes in electrical resistivity (FCR) were continuously monitored using the NI system and
the LabVIEW application (Figure 2d.3). Compressive strain, compressive stress and FCRs
were used to calculate the gauge factor and stress sensibility of the self-sensing mortars.

All results of electro-mechanical tests (electrical resistivity, gauge factor, stress
sensibility and compressive strength) were subjected to statistical Grubb’s tests for outlier
identification, Shapiro-Wilk tests for analyses of normality of residuals and Bartlett tests for

analyses of homogeneity of variances. When assumptions for analysis of variance (ANOVA)
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were met, this statistical technique was used to analyze the differences between average
values, in addition to Tukey’s tests for the comparison of the means between the groups. The
significance level of the statistical tests was 0.05 and their null and alternative hypotheses

(Ho and H,, respectively) were detailed in APPENDIX 6A.

6.2.5. Microstructural investigation

For microstructural characterization of the self-sensing composites, two slices with
thickness of approximately 4 mm were cut from each different type of mortar cylinder. A
circular saw was used to cut the slices and the top/bottom slices of each mortar cylinder were
not used because they may not be representative (Scrivener et al., 2016). Solvent exchange
with isopropanol was used to stop the hydration of the specimens.

A small sample was taken from the middle part of some slices, so that wall effects were
reduced. Then, carbon double-tape was used to attach the sample to a microscope stub. Next,
the sample was gold coated with a Quorum QI50RS sputtering system. Moreover, a
conductive carbon-based paint was used to provide a conductive path from the stub to the
sample surface. Finally, secondary electron images were obtained through FEGSEM, using
a TESCAN MIRA’s microscope with FEG Schottky electron emission source (resolution of
1.2 nm at 30 keV).

Powder samples of each mortar type were obtained by grinding some mortar slices, so
that they could pass through a #200 mesh standard sieve (75 pm opening). These samples
were subjected to XRD analysis in a Bruker D8-Discover equipment (CuKa radiation, 40
kV and 40 mA). The XRD data were collected between 26 values of 5° and 70° with a step
size of 0.05° and a scan time of 1 s/step. Using a Varian 660 spectrometer, the powder
samples were also subjected to FTIR analysis in the range of 400-4000 cm™ at a 4 cm’!

resolution.

6.3. RESULTS AND DISCUSSIONS

6.3.1. Drying shrinkage control

Length changes observed during the curing and oven-drying processes of the different
types of self-sensing mortars are shown in Figure 3. Positive length changes represent

expansion and negative length changes indicate shrinkage deformation. Mortars without
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SRA or EA presented a maximum average shrinkage of 646 pe. This value is in good
agreement with previous works (Kim et al., 2019; Lea, 1970; Yeon, 2019), which reported
that the ultimate drying shrinkage of cementitious materials generally ranges between 200 pe
and 1200 pe. The removal of water held by capillary tension in small capillaries is one of the

main causes of shrinkage of these systems (Mehta and Monteiro, 2005; Tran et al., 2021a).

Figure 3 - Length change of reference mortars (REF) and mortars containing shrinkage-reducing admixtures
(SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-based expansive agents (EA/CSA).
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Although a low aggregate/cement ratio was used in this research to attain good
electrical conductivity (Wen and Chung, 2007), the maximum average shrinkage of REF
mortars was not significantly high, which can be attributed to some benefits provided by the
inclusion of carbon-based nanomaterials. Previous studies (Donget al., 2019; Han et al.,
2010; Lima et al., 2021; Zhang et al., 2019) observed that CBN adsorb significant amounts
of water in the early stages of the cement matrix hydration. The water adsorbed by carbon-
based nanomaterials is released in later hydration stages, which helps to maintain internal
moisture for further hydration, densifying the microstructure of the system and attenuating
the drying shrinkage of cementitious matrices (Tran et al., 2021a).

The moderate shrinkage values observed in REF mortars can be the major cause of
debonding between self-sensing composites, electrodes and/or monitored concrete substrate.
A self-sensing mortar embedded into existing concrete structures must not shrink to the
extent that the imposed tensile stresses could cause (i) bond failure at the interface between
the self-sensing mortar and electrodes, or (ii) bond failure at the interface between the self-

sensing mortar and the old concrete element. Results presented in Figure 3 indicated that the
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addition of PPG-based SRA, CaO-based EA or CSA-based EA provided significant changes
in the shrinkage behavior of CBN-based mortars, so that these admixtures are promising
alternatives for dimensional compatibility of patching self-sensing materials.

For example, the SRA mortars presented a maximum average shrinkage 47.4% lower
than that observed in REF mortars. The main cause for this shrinkage reduction was the
decrease in the surface tension on capillary walls provided by PPG-based SRAs (Mao et al.,
2021; Tran et al., 2021b; Zhan and He, 2019). This percentage shrinkage decrease was very
similar to the percentage shrinkage reductions reported in previous works. For example,
Palacios and Puertas (2007) reported that the addition of 2% of PPG-based SRA (by mass of
slag) provided shrinkage reductions up to 50% in alkali-activated slag mortars cured at RH
of 50%. According to Bilim et al. (2013), the incorporation of 1% of PPG-based SRA (by
mass of binder) provided maximum shrinkage reductions between 17.4% and 28.9% in
Portland cement mortars and alkali-activated slag mortars cured at 23 + 2 °C and RH of 50%.
Experimental results of Ye, Fu and Lei (2020) indicated that the addition of 1% of PPG-
based SRA (by mass of slag) provided shrinkage reductions up to 50% in alkali-activated
slag pastes exposed to 20 + 0.5 °C and RH of 43%.

On the other hand, Figure 3 shows that EA/CaO and EA/CSA mortars presented an
expansive behavior characterized by maximum average swelling values of 475 pe and 327 pe
at the age of 14 days, respectively. After 14 days, the length changes started to decrease, so
that the EA/CaO and EA/CS A mortars presented average swelling values of 269 pe and 48 pe
after the final oven-drying procedure, respectively. According to Figure 3, the self-sensing
mortars with CaO-based EA or CSA-based EA particularly exhibited relevant expansion
during the first 7 days. This expansion was able to successfully compensate the accompanied
shrinkage tendency that happened when the composites were exposed to the drying
procedures. The expansive behavior provided by the CaO-based EA can be attributed to the
formation of CH crystals due to the hydration of free lime, whereas the expansive behavior
provided by the CSA-based EA can be attributed to the formation of AFt crystals using the
available source of CSA provided by the admixtures (Collepardi et al., 2005; Souza et al.,
2020; Yu et al., 2021). Detailed discussions about the formation of these different expansive
products and their effects on different properties of the self-sensing mortars were presented
in the microstructural investigation of Section 6.3.4.

Although an expansive behavior was observed in the self-sensing mortars tested in the

present research, the expansion levels were lower than those reported in the literature because
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higher contents of EA have been used in the previous works. For example, length change
measurements of Treesuwan and Maleesee (2017) indicated that the replacement of 15% of
cement by CaO-based EA provided an approximately constant expansion of ~550 ue (from
4 to 28 days) in cement mortars tested at 25 °C and RH of 40 %. After replacing 10% (by
weight) of cement by an admixture with relevant sources of calcium and sulfate, Souza et al.
(2020) monitored length changes during 7 days and observed an average expansion of
~150 pe after this curing period. Yu et al. (2021) replaced 8% (by weight) of cement by CSA-
based EA and verified an increasing expansion from 4 to 28 days when the mortars were
subjected to 20 + 2 °C and RH of 60 £ 5%.

In the present work, the CSA-based EA provided a final average expansion of
approximately 18% of the final average expansion generated by the CaO-based EA.
Carballosa et al. (2015) also carried out a comparison between the expansive behavior of
concretes containing different types and contents of EAs. In fact, they observed that the CaO-
based EA exhibited a total longitudinal expansion higher than that obtained with the CSA-
based EA, so that the CaO-based EA was more effective than the CSA-based EA to

compensate the shrinkage behavior of the cementitious materials.

6.3.2. Electro-mechanical properties

The effects of SRA and EAs on the DC electrical resistivity (under unloading
condition) of dried self-sensing mortars were investigated by the first time in the present
study. As indicated in Figure 4, SRA, CaO-based EA and CSA-based EA caused percentage
increases in average DC electrical resistivity of 22.5%, 54.0% and 37.1%, respectively. The
microstructural mechanisms behind these effects were discussed in Section 6.3.4. According
to the statistical analyses presented in APPENDIX 6A, the DC electrical resistivity dataset
did not meet the homoscedasticity assumption at the significance level of 0.05, so that an
ANOVA could not be carried out to compare the average values of DC electrical resistivity.
The homoscedasticity issues can be attributed to the high standard deviation observed in

mortars containing chemical admixtures compared to the standard deviation of REF mortars.
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Figure 4 - DC electrical resistivity of reference mortars (REF) and mortars containing shrinkage-reducing
admixtures (SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-based expansive agents
(EA/CSA).
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The self-sensing properties of conductive mortars were also investigated by the first
time in the present work. The relationships between FCR, compressive strain and
compressive stress verified in the piezoresistive tests of the self-sensing mortars are presented
in APPENDIX 6B. Regression analyses were developed to obtain linear regression models
that properly represented the data of the linear stretch of FCR vs strain and FCR vs stress
curves. Based on the developed models and recommendations of Chung (2020), it was
possible to determine the values of gauge factor and stress sensibility graphically summarized
in Figure 5a and Figure 5b, respectively. Results of APPENDIX 6A demonstrated that the
gauge factor and stress sensibility datasets satisfied the ANOVA assumptions. Thus, it was

possible to carry out valid ANOVAs.

Figure 5 - (a) Gauge factor and (b) stress sensibility of reference mortars (REF) and mortars containing
shrinkage-reducing admixtures (SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-
based expansive agents (EA/CSA). Bars with the same uppercase letter are statistically equal, according to the
Tukey’s test (significance level of 0.05).
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Source: Author (2024).
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A P-value equal to 0.0074 was obtained in the ANOVA of the gauge factor dataset,
which indicated that this self-sensing property was significantly affected by the type of
shrinkage control admixture. According to the Tukey’s test results represented in Figure 5Sa,
the average values of gauge factor of CaO/EA and CSA/EA mortars (represented in the image
with the uppercase letter A) were statistically higher than the gauge factor of the REF mortar
(uppercase letter B). In fact, the incorporation of CaO-based EA and CSA-based EA caused
percentage increases of 71.0% and 65.5% in the average gauge factor of self-sensing mortars,
respectively. On the other hand, the addition of SRA did not cause significant change in the
gauge factor of the nanomodified mortars because REF and SRA mortars shared the same
uppercase letter (B), according to the Tukey’s test results presented in Figure 5a. Section
6.3.4 discusses possible reasons for the values of self-sensing properties mentioned in the
present section.

Results of Figure 5b indicated that all series of mortars presented similar values of
average stress sensibility fluctuating between 0.029 MPa! and 0.036 MPa!. In fact, the
ANOVA of the stress sensibility dataset provided a P-value of 0.613, which indicates that
the stress sensibility was not statistically affected by the addition of SRA or EAs. Since the
addition of CaO-based EA and CSA-based EA provided an enhancement in the gauge factor
of self-sensing mortars and did not change their stress sensibility, it is possible to infer that
the incorporation of the admixtures decreased the modulus of elasticity of the cementitious
materials. Future studies are recommended to evaluate the influence of SRA, CaO-based EA

and CSA-based EA on the modulus of elasticity and Poisson’ ratio of self-sensing mortars.

6.3.3. Compressive strength

Figure 6 shows the effects of SRA and EAs on the compressive strength of self-sensing
mortars. The information compiled in APPENDIX 6A indicated that the compressive
strength dataset satisfied the ANOVA assumptions. According to the ANOVA results (P-
value equal to 0.739), the values of average compressive strength of all self-sensing mortars
were statistically the same. Therefore, the addition of SRA, CaO-based EA and CSA-based

EA did not change the compressive strength of self-sensing mortars.
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Figure 6 - Compressive strength of reference self-sensing mortars (REF) and mortars containing shrinkage-
reducing admixtures (SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-based
expansive agents (EA/CSA).
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Some results presented in Figure 6 are similar to those reported in the literature. For
example, previous studies reported negligible changes in compressive strength due to the
incorporation of small contents of PPG-based SRA. Palacios and Puertas (2007) reported that
alkali-activated slag mortars containing 0%, 1% or 2% of PPG-based SRAs (by mass of slag)
presented similar values of 28-days compressive strength. Bilim et al. (2013) also verified
that the incorporation of 1% of PPG-based SRA (by mass of binder) did not cause relevant
change in the 28-days compressive strength of Portland cement mortars and alkali-activated
slag mortars. Ye, Fu and Lei (2020) did not observe statistically significant variation in the
28-days compressive strength of alkali-activated slag pastes containing 0%, 0.5% or 1% of
PPG-based SRA (by mass of slag).

In previous studies that reported an expansive behavior due to addition of EAs, negative
and positive effects on the compressive strength due to EAs have been observed. Results of
Treesuwan and Maleesee (2017) revealed that the replacement of 15% of cement by CaO-
based EA caused a reduction of almost 40% in the 28-days compressive strength of cement
mortars. In contrast, Souza et al. (2020) verified increases of about 25% in the compressive
strength of cement pastes due to the replacement of 10% (by weight) of cement by an
admixture with high contents of calcium and sulfate compounds. Carballosa et al. (2015)
verified that the incorporation of CSA-based EA (contents of 15%, 17.5% and 20% by weight
of cement) caused percentage decreases in 28-days compressive strength up to only 3%,
whereas the use of CaO-based EA (contents of 10% or 11% by weight of cement) caused

percentage decreases in the 28-days compressive strength up to 25%.
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6.3.4. Microstructural behavior

According to the literature compiled in recently-published review papers (Mao et al.,
2021; Tran et al., 2021b; Zhan and He, 2019), the shrinkage reductions provided by the SRA
used in this study are mainly attributed to four different microstructural changes provided by
SRAs: (i) decreases in the surface tension on capillary walls coupled with reductions in
capillary stresses; (ii) maintenance of high RH inside the cementitious materials; (iii)
reductions in the concentration of pore solution ions; and (iv) expansion effects due to the
super-saturation level of silicates and formation of portlandite (CH) and ettringite (AFt)
crystals that partially compensate shrinkage stresses caused by capillary pressure.

The expansive behavior observed in EA/CaO and EA/CSA composites can be
attributed to the formation and growth of expansive compounds due to specific chemical

reactions represented in Equation (4) and Equation (5), respectively (Collepardi et al., 2005;

Souza et al., 2020; Yu et al., 2021). According to Equation (4), AFt (C;A - 3CS- H,,)is the
product of the chemical reaction between the CSA (C,A 3§ ) of the CSA-based EA, calcium

oxide (C) and anhydrite (C§ ). On the other hand, Equation (5) shows that the expansive
compound was CH, which is the product of the reaction between water and the CaO content
of CaO-based EA. These expansive products caused a macroscopic bulk volume expansion,

thereby compensating the drying shrinkage deformation (Tran et al., 2021a).
C,A,S+6C+8CS+96H —3C,A-3CS-H,, @)

C+H—>CH ®))

In fact, results of XRF analyses of EAs (Table 1) revealed that the CSA-based EA used
in this study presented high contents of Al2O3, CaO and SOjs (rich CSA source), whereas the
CaO-based EA exhibited high content of CaO (rich lime source).

According to the results presented in Section 6.3.2, the CSA-based EA and the CaO-
based EA caused significant changes in the electrical resistivity and gauge factor of the
mortars, whereas an opposite behavior was observed when the PPG-based SRA was added
to the mortars. These observations can be attributed to the expansive behavior provided by
the EAs and discussed in Section 6.3.1, which was not observed in mortars containing the
PPG-based SRA. Since this expansive behavior was provided by the formation of CH and
AFt crystals, the typical interaction between these hydration products and the CBN
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aggregates that formed the conductive network inside the cementitious matrix was elucidated
by the high-resolution FEGSEM images presented in Figure 7.

The FEGSEM image of CaO/EA samples (Figure 7a) evidences the presence of
prismatic CH crystals of 2-3 um (Mehta and Monteiro, 2005) obstructing the conductive path
formed by CBN aggregates of 85-500 nm (ICBA, 2016). The image clearly shows that these
CBN aggregates were composed of fused primary nanospheres with diameters of 10-150 nm
and could be mostly found intermixed within aggregations of amorphous C-S-H gel. In
contrast, the FEGSEM image of CSA/EA samples (Figure 7b) shows the ends of slender
needles of AFt crystals (Mehta and Monteiro, 2005) blocking the direct contact between
aggregates of CBN intermixed with amorphous C-S-H structures. It is important to highlight
that the CP V-ARI Portland cement has calcite contents up to 10 wt.%. Consequently, more
contents of monocarbonate tended to be stabilized instead of the monosulfate, which tended
to reduce the formation of monosulfates during the hydration process of the cementitious

matrix (Lima et al., 2020; Lothenbach et al., 2008; Lothenbach and Zajac, 2019).

Figure 7 - Field emission gun scanning electron microscopy (FEGSEM) images of self-sensing mortars
containing (a) CaO-based expansive agents (EA/CaO) or (b) calcium sulfoaluminate-based expansive agents
(EA/CSA): expansive products intercepting conductive paths of carbon black nanoparticles (CBN).
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Source: Author (2024).

The plate-like CH prisms and needle-like AFt crystals provided by the incorporation

of EAs caused interruptions in conductive paths, increasing the DC electrical resistivity of
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the nanomodified mortars (Figure 4). The inclusion of expansive products decreased direct
contact conduction mechanisms inside the matrix and increased the amount of insulating
tunneling gaps between CBN. These improvements in tunneling conduction mechanisms
caused increases in the FCRs associated with the application of compressive loads (Han et
al., 2010, 2015; Nalon et al., 2021), so that the gauge factor of the mortars increased with the
incorporation of EAs (Figure 5). The presence of these expansive products was evidenced in
the XRD analyses results presented in Figure 8.
Figure 8 - X-ray diffraction (XRD) results of reference self-sensing mortars (REF) and mortars containing

shrinkage-reducing admixtures (SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-
based expansive agents (EA/CSA).
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Source: Author (2024).

The XRD patterns of the different types of self-sensing mortars (Figure 8) were very
similar. AFt peaks (e.g., 20 =9.1°, 22.9° and 35.0°) were mainly observed in the XRD
spectrum of the EA/CSA mortars, which is in good agreement with the observation of

significant amounts of long thick needle-like structures of AFt in the FEGSEM images of
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Figure 7b. XRD reflections of CH crystals (e.g., 20 = 18.1°, 34.2°, 47.3° and 50.9°) were also
observed in all composites, as CH is one of the main products of cement hydration and
constitutes a significant fraction of the volume of solids of the hydrated cement paste (Mehta
and Monteiro, 2005). The moderate peaks of calcite (e.g., 20 = 29.4°, 39.5°, 47.6° and 48.7°)
observed in the samples can be associated with the limestone filler typically added to the
CP V-ARI Portland cement (Natalli et al., 2021). High-intensity signatures of quartz (e.g.,
20 = 20.9° 26.7°, 50.1°) were observed in all composites, due to the high crystallinity of
quartz particles of the siliceous aggregates (Marinoni and Broekmans, 2013) used in this
research. Signs of C-S-H structures (e.g., 20 = 29.2°, 49.8°) were not very evident in the XRD
diffractograms due to the amorphous nature of these phases (Scrivener et al., 2016; Suh et
al., 2020).

The experimental results presented in the previous sections were also supported by the
spectra obtained from the FTIR analyses, which are presented in Figure 9. These
microstructural analyses revealed the vibration bands that typically represent the main
cement paste hydrates and siliceous aggregates that form the self-sensing mortars produced
in the present research.

Figure 9 - Fourier transform infrared (FTIR) spectroscopy results of reference self-sensing mortars (REF) and

mortars containing shrinkage-reducing admixtures (SRA), CaO-based expansive agents (EA/CaO) or calcium
sulfoaluminate-based expansive agents (EA/CSA)
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FTIR bands at about 850 cm™!, 1120 cm™ and 1465 cm™ associated with the presence
of relevant amount of AFt (Garcia-Lodeiro et al., 2021; Tantawy, 2017; Vaiciukyniené et al.,

2013; Ylmén and Jiglid, 2013) were observed in samples containing the CSA-based EA. The
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absorption band at 3640 cm™ is also associated with the stretching of (OH)™ in CH crystals

(Horgnies et al., 2013; Tantawy, 2017; Vaiciukynien¢ et al., 2013; Yaseen et al., 2019; YImén
and Jiglid, 2013). The absorption bands at about 450 cm™, 775 cm™, 797 cm™, 692 cm! and
1086 cm™! can be attributed to Si-O modes of quartz particles of the aggregate fraction of the
mortars (Malathy et al., 2022; Sekhaneh et al., 2020; Tyagi et al., 2006). The bands at about
1350-1500 cm™, 874 cm™ and 713 cm™! are attributed to asymmetric (v3) and symmetric (v2

and v4) vibrations of CO?, respectively (Medina et al., 2018; Nasrazadani et al., 2016;

Tantawy, 2017; Vaiciukyniené et al., 2013). These signatures are in good agreement with the
calcite reflections observed in the XRD analyses. Since all types of mortars exhibited similar
compressive strength, all FTIR spectra presented a shoulder at 900-1050 cm™!, which was
associated with asymmetric stretching vibration of Si-O groups of the C-S-H structures

(Horgnies et al., 2013; Malathy et al., 2022; Medina et al., 2018).

6.4. CONCLUSIONS

Results of the present study indicated that shrinking control admixtures are promising
alternatives to ensure dimensional compatibility of patching self-sensing materials embedded
into concrete elements. Some conclusions were obtained from the experimental program
carried out in this work as follows:

(1) The addition of SRA provided percentage reductions up to 47.4% in the maximum
shrinkage of self-sensing mortars. In contrast, the addition of CaO-based EA and
CSA-based EA provided self-sensing composites with an expansive behavior
characterized by maximum average swelling values of 475 pe and 327 pe,
respectively, in addition to average swelling values after drying procedures equal
to 269 pe and 48 ue, respectively.

(2) PPG-based SRA, CaO-based EA and CSA-based EA caused percentage increases
in average DC electrical resistivity of 22.5%, 54.0% and 37.1%, respectively. These
admixtures also affected the gauge factor of self-sensing mortars, but did not cause
significant changes in their stress sensibility. The highest variations in gauge factor
were provided by the incorporation of CaO-based EA and CSA-based EA, which
caused gauge factor percentage increases of 71.0% and 65.5%, respectively. In

addition, the experimental results indicated that the inclusion of PPG-based SRA,
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CaO-based EA and CSA-based EA did not cause significant change in the
compressive strength of self-sensing mortars.

(3) The mechanisms behind the increases in electrical resistivity and gauge factor due

to the addition of EAs were investigated with microstructural analyses. Plate-like
CH crystals and needle-like AFt structures were detected in these mortar types,
using FEGSEM, XRD and FTIR analyses. The expansive products provided by the
inclusion of EAs caused interruptions in conductive paths inside the cementitious
matrix, decreasing direct contact conduction mechanisms and increasing the
amount of insulating tunneling gaps between CBN aggregates. These
improvements in tunneling conduction mechanisms caused increases in FCRs
amplitudes, enhancing the gauge factor of the self-sensing mortars.

Based on the experimental results of this study, it was also possible to infer that the
elastic modulus of self-sensing mortars changed with the addition of EAs. To complement
the present experimental investigation, future research is recommended to develop a
systematic investigation of the effects of SRA, CaO-based EA and CSA-based EA on the
modulus of elasticity and Poisson’s ratio of self-sensing mortars. A careful evaluation of
these properties will be also needed to meet requirements of deformation compatibility
between the embedded self-sensing mortar and the concrete structural element that will be
monitored. In the present study, a combination of XRF, FEGSEM, XRD and FTIR analyses
was used to get important insights into the microstructural mechanisms behind the electro-
mechanical response of self-sensing nanomodified mortars. However, mercury intrusion
porosimetry (MIP) and energy dispersive spectroscopy (EDS) analyses are also strongly
recommended to complement the investigation of the microstructural behavior of the CBN-
based mortars and explain the influence of the different types of shrinkage-reducing

admixtures and expansive agents on their self-sensing behavior.
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APPENDIX 6A: RESULTS OF STATISTICAL ANALYSES

6A.1. GRUBB’S TEST FOR OUTLIER DETECTION

The Grubb’s test was used to detect outliers in the experimental dataset of this study.

6A.1.1. Hypothesis and significance level

» Null hypothesis (Ho): all values belong to the same population.
» Alternative hypothesis (Ha): the smallest or the largest value is an outlier.
» Significance level (a): 5%.

6A.1.2. Results of the statistical tests

Results of Grubbs’ test are presented in Tables Al, A2, A3 and A4.

Table A1l - Grubb’s test statistical summary for the DC electrical resistivity dataset.

Mean Standard deviation Minimum Maximum Grubb's test

Series (Q.cm) (Q.cm) (Q.cm) (Q.cm) statistic P-value
REF 959.5 11.8 946.0 967.9 1.14 0.274
SRA 1175.3 79.8 1117.4 1266.4 1.14 0.297
EA/CaO 1477.0 219.0 1274.0 1709.0 1.06 0.770
EA/CSA 1314.8 158.0 1163.9 1479.1 1.04 0.861
Source: Author (2024).
Table A2 - Grubb’s test statistical summary for the gauge factor dataset.
Series Mean Standard deviation =~ Minimum  Maximum Grubt? s test P-value
statistic
REF 255.3 11.9 247 269 1.15 0.241
SRA 308.7 64.7 238 365 1.09 0.631
EA/CaO 436.7 60.2 370 487 1.11 0.547
EA/CSA 422.7 55.9 359 464 1.14 0.326
Source: Author (2024).
Table A3 - Grubb’s test statistical summary for the stress sensibility dataset.
Series Mean Standard deviation =~ Minimum  Maximum Grubb's test P-value
(MPa!) (MPa) (MPa!) (MPa™) statistic
REF 0.0317 0.0023 0.3030 0.0344 1.15 0.083
SRA 0.0290 0.0078 0.0223 0.0376 1.10 0.595
EA/CaO 0.0357 0.0096 0.0287 0.0467 1.14 0.298
EA/CSA 0.0344 0.0026 0.0317 0.0369 1.02 0.915

Source: Author (2024).
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Table A4 - Grubb’s test statistical summary for the compressive strength dataset.

Series Mean Standard deviation Minimum Maximum Grubb's test P_value
(MPa) (MPa) (MPa) (MPa) statistic
REF 29.55 3.59 26.11 33.28 1.04 0.867
SRA 31.10 1.19 30.26 31.94 * *
EA/CaO 27.31 6.03 23.35 34.25 1.15 0.154
EA/CSA 30.34 2.96 27.08 32.88 1.10 0.602

Note: *The Grubb’s test statistic and the P-value could not be calculated for the SRA series due to technical
issues during the compression test of one of its specimens (Grubb’s test cannot be applied to a series with
only two replicates).

Source: Author (2024).

6A.1.3. Conclusions of the statistical tests

A P-value higher than 0.050 was obtained in all Grubb’s tests, which indicates that

outliers were not detected at the 5% significance level.

6A.2. SHAPIRO-WILK TEST OF NORMALITY

Shapiro-Wilk tests were used to investigate the normality of residuals observed in DC
electrical resistivity, gauge factor, stress sensibility and compressive strength results, as

normality of residuals is an assumption of the analysis of variance (ANOVA).

6A.2.1. Hypothesis and significance level

» Null hypothesis (Ho): residuals are normally distributed.
» Alternative hypothesis (Ha): residuals are not normally distributed.
» Significance level (a): 5%.

6A.2.2. Results of the statistical tests

Results obtained from the Shapiro-Wilk’s tests are listed in Table AS.

Table A5 - Shapiro-Wilk’s test statistical summary for all response variables.

Response variable Shapiro-Wilk's test statistic P-value
DC electrical resistivity 0.946 0.580
Gauge factor 0.884 0.098
Stress sensibility 0.928 0.297
Compressive strength 0.928 0.393

Source: Author (2024).
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6A.2.3. Conclusions of the statistical tests

The results indicated that the residuals were normally distributed because P-values

higher than 0.050 were obtained in all Shapiro-Wilk’s tests.

6A.3. BARTLETT TEST OF HOMOSCEDASTICITY

Bartlett tests were carried out to investigate homogeneity of variances in results of
electrical resistivity, gauge factor, stress sensibility and compressive strength, which is

another assumption of the ANOVA.

6A.3.1. Hypothesis and significance level

» Null hypothesis (Ho): all population variances are equal.
» Alternative hypothesis (Ha): at least two population variances are different.

» Significance level (a): 5%.

6A.3.2. Results of the statistical tests

Table A6 shows the results obtained from the Bartlett tests.

Table A6 - Bartlett’s test statistical summary for all response variables.

Response variable Bartlett's K-squared P-value
DC electrical resistivity 8.261 0.041
Gauge factor 3.584 0.310
Stress sensibility 4.428 0.219
Compressive strength 2.191 0.534

Source: Author (2024).
6A.3.3. Conclusions of the statistical tests

Only the electrical resistivity dataset provided a P-value lower than 0.050 in the Bartlett
tests. Then, all response variables exhibited homoscedasticity, except for the DC electrical

resistivity.
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6A.4. ANALYSIS OF VARIANCE (ANOVA)

Since normality of residuals and homoscedasticity of variances were observed in some
response variables, ANOVAs were carried out, in order to evaluate statistical differences

between the average values of gauge factor, stress sensitivity and compressive strength.

6A.4.1. Hypothesis and significance level

» Null hypothesis (Ho): all means are equal.
» Alternative hypothesis (Ha): at least one mean is different.

» Significance level (a): 5%.

6A.4.2. Results of the statistical tests

The ANOVA results are summarized in Tables A7, A8 and A9.

Table A7 - ANOVA statistical summary for the gauge factor dataset.

Degrees of Sum of Mean F test

Source freedom squares Square statistics P-value
Treatments 3 69977 23326 8.420 7.4 x 1073
Residuals 8 22163 2770 - -
Total 11 92140 - - -

Source: Author (2024).

Table A8 - ANOVA statistical summary for the stress sensibility dataset

Degrees of ~ Sum of Mean F test
Source o P-value
freedom squares Square statistics
Treatments 3 0.000079  0.000026 0.635 0.613
Residuals 8 0.000333  0.000042 - -
Total 11 0.000412 - - -

Source: Author (2024).

Table A9 - ANOVA statistical summary for the compressive strength dataset.

Degrees of ~ Sum of Mean F test
Source L. P-value
freedom squares Square statistics
Treatments 3 21.561 7.187 0.428 0.739
Residuals 7 117.579 16.797 - -
Total 10 139.141 - - -

Source: Author (2024).



240

6A.4.3. Conclusions of the statistical tests

A P-values lower than 0.05 was obtained in the ANOVA of gauge factor average
values, so that at least one gauge factor average is different from the others. A Tukey's test
at the 5% significance level was used for multiple comparisons between gauge factor
averages (results of these post-hoc tests were presented in the main text of the present study).
In contrast, P-values higher than 0.05 were verified in the ANOVA of stress sensibility and
compressive strength averages. Therefore, the REF, SRA, EA/CaO and EA/CSA series
presented average values of stress sensibility and compressive strength that are statistically

equal at the 5% significance level.
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Figure B1 - FCR vs strain curves of reference mortars (REF) and mortars with shrinkage-reducing admixtures
(SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-based expansive agents (EA/CSA).
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Figure B2 - FCR vs stress curves of reference mortars (REF) and mortars with shrinkage-reducing admixtures
(SRA), CaO-based expansive agents (EA/CaO) or calcium sulfoaluminate-based expansive agents (EA/CSA).
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PART III:

VALIDATION STUDY ON SELF-
SENSING MASONRY ELEMENTS
AT ROOM TEMPERATURE
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SELF-SENSING CONCRETE MASONRY
7 STRUCTURES WITH INTRINSIC ABILITIES OF
STRAIN MONITORING AND DAMAGE DETECTION

This chapter has been published as the following
paper: Nalon, G. H.; Ribeiro, J. C. L.; Silva, R.
M.; Pedroti, L. G.; Araitijo, E. N. D. Self-sensing
concrete masonry structures Wwith intrinsic
abilities of strain monitoring and damage
detection. Structures 59 (2024) 105760.
https://doi.org/10.1016/].istruc.2023.105760

Abstract: Self-sensing cementitious materials are emerging technologies for Structural
Health Monitoring (SHM) of civil structures. Their application for SHM of concrete masonry
elements was not investigated in previous studies. The effects of triaxial strain/stress states
of masonry joints and units on their self-sensing response are still unknown. Therefore, this
work aimed to investigate mechanical and self-sensing properties of masonry elements
produced with self-sensing mortar joints, solid concrete bricks and/or hollow concrete blocks
fabricated with carbon black nanoparticles. The intrinsic abilities of strain monitoring and
damage detection were evaluated in piezoresistive tests of masonry prisms, based on
variations in the type of unit, mortar bedding approach, bonding arrangement, relative
strength of mortar and units, joint thickness and location of self-sensing regions. These
variations did not affect significantly the gauge factor of cementitious sensors embedded into
the prism units. In contrast, the gauge factor of self-sensing horizontal or vertical joints was
statistically affected by most of these variations. Stages of balance and abrupt increases in
fractional changes in electrical resistivity (FCRs) during the plastic regime of the prisms
provided an anticipated warming associated with the propagation of vertical and diagonal
cracks associated with tensile splitting and crushing failure of units. The strong non-linearity
on the electrical output of self-sensing joints evidenced the mortar pore collapse. In
conclusion, the self-sensing units and mortar joints were found to be promising alternatives

for strain monitoring and damage detection in smart concrete masonry structures.

Keywords: Masonry structures, Structural Health Monitoring, smart structures,

nanomodified structural elements, piezoresistivity.
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7.1. INTRODUCTION

Different types of Structural Health Monitoring (SHM) systems have been developed
for an automated assessment of deformation, loading conditions and deterioration of civil
structures, after critical events or during their whole service life (Bekzhanova et al., 2021;
D’Alessandro et al., 2022; Dong et al., 2020). These analyses provide improvements in the
safety level, durability and preservation of the reliability of civil structures, which are some
important tasks of designers, contractors, maintenance teams and operators of the
construction industry. In the case of masonry structures, the application of SHM techniques
requires a deep understanding of their mechanical behavior, structural morphology and
interaction mechanisms between different components (Luchin et al., 2020; Nalon et al.,
2022; Sarhosis et al., 2018).

SHM systems can collect different engineering parameters (e.g., strain, stress,
vibration, temperature, etc.) that provide valuable information on the structural response of
diverse heritage and modern masonry structures. They can detect environmental agents that
can accelerate their deterioration and predict damage propagation associated with unforeseen
events (Medeiros et al., 2020; Mishra, 2021; Scuro et al., 2021). The application of SHM
technologies can expand the concept of “smart structures” in urban areas, enable changes in
the typical use of masonry buildings, detect vulnerability factors and improve the structural
safety on a large territorial scale (La Mendola et al., 2021; Medeiros et al., 2020).

Smart construction materials capable of autonomously monitoring their states of strain
(or stress) and detecting damage conditions have gained increasing popularity in recent years
(D’Alessandro et al., 2022; Tian et al., 2019). In this context, the present study is centered
on the development and evaluation of different types of masonry components endowed with
self-sensing properties, namely self-sensing mortar joints, solid concrete bricks (SCBs) and
hollow concrete blocks (HCBs). When the structural elements have self-sensing properties,
it is not necessary to incorporate traditional sensors in the structures. Compared to the use of
traditional sensing technologies [e.g., acoustic emission sensors (Vanniamparambil et al.,
2014), ceramic and capacitive sensors (La Mendola et al., 2021), accelerometers and linear
variable differential transformers (Kita et al., 2019), digital image correlation equipment
(Vanniamparambil et al., 2014), infrared cameras (Khan et al., 2015), etc.], self-sensing

masonry components are advantageous due to their low cost, high mechanical performance,
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good durability, high sensitivity and large sensing volume (Chung, 2021, 2022; Ubertini et
al.,, 2017). In addition, the self-sensing components can be embedded into various key
locations of masonry structures thus resolving scalability issues (Birgin et al., 2021; Downey
et al., 2018a).

Different sensing principles have been used for real-time assessment of structural
behavior. For example, some specific types of smart materials proposed for SHM
applications present a strain/stress-sensing ability associated with the piezoresistive response
provided by the inclusion of conductive admixtures inside their matrix. The piezoresistivity
phenomenon is associated with reversible fractional changes in electrical resistivity (FCRs)
due to deformation in the elastic regime. The approximation of adjacent conductive
admixtures and the subsequent increase in tunneling conduction contribute to alterations in
electrical conductivity, enabling a sensitive response to stress or strain under static and
dynamic statuses (Liu et al., 2022; Nalon et al., 2021; Zhang et al., 2022). Moreover, crack
propagation can be detected based on irreversible changes in electrical resistivity. As cracks
form and propagate within the matrix of a self-sensing composite, they disrupt the continuity
of the material and decrease the electronic conduction mechanisms (Bekzhanova et al., 2021;
Dinesh et al., 2021; Dong et al., 2019; Jiao et al., 2020; Nalon et al., 2022). Carbon black
nanoparticles (CBN) are common types of conductive admixtures used for production of self-
sensing materials. Carbon black is the generic name of a family of small particles with
diameter lower than 300 nm that fuse to form aggregates, whereas clusters of aggregates may
connect to form agglomerates (Aparecido-Ferreira et al., 2011; Dong et al., 2019; Han et al.,
2010; Monteiro et al., 2017).

Self-sensing construction materials have the potential to be utilized in various structural
components, including but not limited to girders and columns (Ding et al., 2019; Liu et al.,
2018; Rao et al., 2023; Xiao et al., 2011b, 2016), concrete pavements (Birgin et al., 2021;
Ding et al., 2022; Han et al., 2013); railway elements (Lee et al., 2020; Xu et al., 2020);
structural masonry (Downey et al., 2018a; Meoni et al., 2018, 2019, 2022); etc. Various
methods have been suggested to enable the practical incorporation of these materials into
SHM architectures. These approaches predominantly depend on circuit diagram
configurations incorporating reference resistors and self-sensing composites. The electrical
outputs of these composites are acquired through direct current (DC) (Han et al., 2007; Han
et al., 2015), alternating current (AC) (Kang et al., 2018; Machan and Steffan, 2015) or
biphasic DC (Downey et al., 2017; Meoni et al., 2021) measurements.
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In the last years, a novel class of self-sensing construction materials was found to be a
cost-effective solution for SHM of heritage masonry: smart clay bricks. These bricks are
produced by mixing fresh clay with a conductive admixture (e.g., carbon nanotubes, titania
or stainless-steel micro fibers (Downey et al., 2018b; Meoni, D’Alessandro and Ubertini,
2021; Ubertini et al., 2017). The homogeneous mixture is molded into prismatic oiled molds.
After that, the bricks undergo drying at 90 °C for six hours and subsequent firing at 900 °C
for six hours. Two external electrodes are placed on opposite horizontal faces of the fired
bricks, covered with an insulating layer to prevent current flow propagation when the bricks
are embedded into the masonry walls (Meoni, D’Alessandro and Ubertini, 2021; Meoni et
al., 2020, 2022). Experimental results reported by D’Alessandro et al. (2018) and Meoni et
al. (2021; 2019) indicated that the electrical outputs of these clay bricks allow the
identification of local permanent changes in deformation and loading path of clay masonry,
in addition to the risk of progressive damage. Meoni, D’ Alessandro and Ubertini (2020) also
developed a theoretical model to describe the strain-sensing response of smart clay bricks
embedded into masonry elements subjected to eccentric axial compression load. Garcia-
Macias and Ubertini (2019) reported numerical seismic analyses of a clay masonry structure
equipped with smart clay bricks and mapped the strain field throughout the structure based
on their electrical outputs.

Although investigations of self-sensing clay bricks have been already reported in the
literature, there is no previous evaluation of the application of self-sensing cementitious
materials for SHM of masonry constructed with concrete units. Then, the present work
investigates the pioneering application of SCBs or HCBs with self-sensing properties.
Moreover, masonry elements containing self-sensing mortar joints were not produced and
investigated in previous literature. Therefore, the piezoresistive response of nanomodified
mortar joints was firstly reported in the present study. This paper also presents new findings
related to the effects of conventional triaxial states of strain/stress of mortar joints and
masonry units on their self-sensing response.

To fill these knowledge gaps, this paper reports a pioneering investigation of
mechanical and self-sensing properties of concrete masonry elements produced with carbon-
based nanoparticles. Original contributions were provided in this work, in terms of the
mechanical behavior and intrinsic abilities of different masonry components to monitor strain
and detect damage, based on analyses of distinct parameters (compressive strength, elastic

modulus, gauge factor, FCRs amplitude, and failure modes), considering variations in
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masonry elements that were never explored in previous papers that deal with evaluations of
self-sensing properties (type of masonry unit, mortar bedding approach, bonding
arrangement, relative strength of mortar and masonry units, joint thickness and location of
self-sensing regions). The self-sensing materials developed in this work were found to be
promising alternatives for strain monitoring and damage detection in smart concrete masonry
structures.

This chapter is organized in four sections. Section 7.1 introduces the concept of self-
sensing construction materials and assesses their applications in the field of structural
masonry. Section 7.2 details the materials and methods employed for producing and testing
self-sensing masonry prisms. In Section 7.3, the experimental results are presented, along
with discussions related to statistical analyses of variance (ANOVA). Section 7.4 concludes

with final remarks and offers suggestions for future research.

7.2. MATERIALS AND METHODS

7.2.1. Materials

Plain and nanomodified mortars were produced with CP V-ARI portland cement
(density = 3.08 g/cm3) equivalent to the ASTM Type III portland cement (ASTM, 2022;
Mehta & Monteiro, 2005), hydrated lime (density = 2.51 g/cm3), and siliceous sand (specific
mass = 2.64 g/cm3, fineness modulus = 2.52 and maximum diameter = 2.38 mm). The self-
sensing mortars also required the use of CBN to construct the conductive network inside the
cementitious matrices (average diameter = 20 nm and surface area = 120 m?/g),
polycarboxylate ether superplasticizer (PCE) to ensure appropriate dispersion of
nanomaterials (density = 1.12 g/cm3), and CaO-based expansive agent (EA) for shrinkage
control (density = 2.50 g/cm3). Masonry prisms were produced with SCBs or HCBs. These
concrete units were characterized according to procedures of ABNT NBR 12118 (2013),
when available. Samples of 20 mm x 20 mm x 60 mm were cut from the units to determine

the static modulus of elasticity and Poisson’s ratio of the material.

7.2.2. Experimental program

A completely randomized design (CRD) experiment was elaborated to investigate the

effects of the following independent variables on mechanical and self-sensing properties of
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masonry prisms: (i) type of concrete unit - self-sensing SCBs or self-sensing HCBs; (ii)

mortar bedding approach (full bedding or face-shell bedding); (iii) bonding arrangement

(stack bond or running bond); (iv) ratio between the compressive strength of mortar (f,,) and

the net area compressive strength of concrete units (fp,ner); (v) mortar joint thickness (10, 15

or 20 mm); and (vi) self-sensing regions of the masonry prisms (B1, B2, J1 or J2 regions).

Therefore, 12 different series of prisms (Table 1 and Figure 1) with three replicates were

produced.

Table 1 - Characteristics of masonry prisms investigated in the present experimental program.

Use of self- Use of self-
Type of Mortar Bonding Ratio between Mqrtar Sensing co(tbl)crete sensing n(lb())rtar
. . . joint units joint
Series  concrete bedding arrange-  mortar and units thick
i (a) :
unit approach ment strength ness Bl B2 71 n
region region  region  region
—  concrete
#2 bricks f. v v v X
B 04 < —b - <0.9 X X X X
_# (PM-0.75 mortar) X X v X
#5 v v X X
#6 : v v v X
™ Full bedding Stack 7
—2-<04
#7 bond e 10mm v v v X
Hollow (PM-1.50 mortar)
concrete S >0.9
#3 blocks et v v v X
(PM-0.25 mortar)
Face-shell
#9 bedding ; v v v X
Running 04<—"-<0.9
#10 ' bond et v X v v
#11 Full bedding Stack (PM-0.75 mortar) 15 mm V4 V4 J X
#12 bond 20 mm v N v X

Notes: @ According to Parsekian, Hamid and Drysdale (2012), the compressive strength of mortar (f,) is

recommended to be between 0.7 and 1.5 of the gross area compressive strength of units (f; ¢r0ss), 1.€., 0.4 and
0.9 of the net area compressive strength of units (f;,ser).

® The symbol “X” indicates that a self-sensing cementitious material was not used in the masonry prisms and
the symbol “v” indicates that it used to produce the masonry prisms.

Source: Author (2024).
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Figure 1 - Position of self-sensing regions B1, B2, J1 and J2 of all series of masonry prisms (dimensions in
millimeters).
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Source: Author (2024).

The embedding approach (Han et al., 2015) was used to install the self-sensing
cementitious materials in the B1, B2, J1 and J2 regions of the masonry components. The B1
region was located at the middle height of the central unit of the masonry prisms. The B2
region was located at the inferior region of the central unit of the masonry prisms (close to
the mortar joint). In all prisms made with HCBs, B1 and B2 regions were always located at
the same face shell of the central block, except for prisms of series #9, in which the B2 region
was located at the lateral web of the central block. The J1 region was located at the horizontal
joint, close to the inferior central unit of the prims. The J2 region was located at the vertical
joint at the middle height of the prisms. Detailed information and images of these different
self-sensing regions are presented in the next subsections.

The dependent variables of the CRD experiment were the (1) compressive strength of
the masonry prisms, (ii) modulus of elasticity of the masonry prisms, and (iii) gauge factor
(GF) of each self-sensing region of the masonry prisms. This work also evaluated the prisms’

failure modes and FCRs associated with them.
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7.2.3. Production of plain and self-sensing mortars

Table 2 shows the mix proportions of plain mortars (PMs) used to produce the joints
of the masonry prisms and the mix proportions of self-sensing mortars (SMs) embedded into
the masonry components. They were designated as “x-y”, in which “x” is the type of mortar
(PM or SM) and “y” is the lime/cement ratio (in volume). PM-0.25, PM-0.75 and PM-1.50
compositions were used to produce the plain mortar joints. SM-0.00 was the composition
used to produce the self-sensing units. Finally, SM-0.25, SM-0.75 and SM-1.50 compositions

were used to produce the cement-lime mortar joints with self-sensing properties.

Table 2 - Mix proportions used to produce plain mortars (PMs) and self-sensing mortars (SMs).

Mortay  LiMe/cement ratio C01.1sumption (kg/m3) ~ Flow
(by volume) Cement Sand Lime Water CBN PCE EA  index (cm)
PM-0.25 0.25 429.58 1394.37 88.38 295.77 0.00 0.00 0.00 7.0
PM-0.75 0.75 312.11  1405.39 190.88 290.20 0.00 0.00 0.00 7.6
PM-1.50 1.50 217.87 141434 268.94 285.69 0.00 0.00 0.00 8.0
SM-0.00 0.00 664.28  997.06 0.00 34530 59.78 2391 16.61 5.5
SM-0.25 0.25 525.11 1047.16 107.05 331.85 5690 22.76 15.80 5.8
SM-0.75 0.75 369.99 1031.36 226.29 344.03 53.67 21.47 1491 5.8
SM-1.50 1.50 258.56  1040.67 319.17 340.64 52.00 20.80 14.44 6.0

Source: Author (2024).

The water/binder ratios used in the mortar compositions were adjusted to obtain a flow
index of (7.0 £ 1.5) cm, using the Kantro-cone mold. This flow range is similar to the range
of (23 £ 1) cm obtained with the conventional truncated cone mold used in the procedures of
ABNT NBR 13276 (2005a). Therefore, the workability of all mortars was appropriate for
use in masonry construction (Parsekian et al., 2012; Parsekian and Soares, 2010).

All PMs were produced in a mechanical mixer, using an aggregate/binder ratio of 3.00
(by volume). A lime/cement ratio of 1.50 was required to get specimens with f,./fp.net < 0.40,
i.e., prisms with mortars significantly weaker than units (Table 1). A lime/cement ratio of
0.75 was used to obtain prisms with 0.40 < fi/fpnet < 0.90, i.e., specimens with fi/fp.net Tatio
within the range recommended for masonry structures (Parsekian et al., 2012). A lime/cement
ratio of 1.50 provided prisms with fu/fonee > 0.90, i.e., prisms produced with mortars
significantly stronger than units (Table 1). The PMs were used to produce prism joints, in
addition to three mortar prisms of 40 mm x 40 mm X 160 mm for characterization according

to ABNT NBR 13279 (2005b), which prescribes a 28-days curing period at 23 + 2 °C and
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relative humidity (RH) of 60 £ 5%. Three mortar prisms of 20 mm x 20 mm x 60 mm were
also cast between pieces of units and cured for 28 days at 23 + 2 °C and RH of 60 + 5%.

The SMs were designed to exhibit deformation properties (modulus of elasticity and
Poisson’s ratio) that are statistically equal to those of PMs and concrete units, as discussed
in the next section. Since sand acts as an electrical insulator (Wen and Chung, 2007), low
aggregate/binder ratios of 1.75 and 1.86 (by volume) were used to produce high-electrical
conductivity SMs that were embedded into units and joints, respectively. A concentration of
CBN of 9.00% (by weight of binders) was used to produce all SMs because previous works
indicated that this concentration is above the percolation threshold and provides composites
with appropriate self-sensing response before and after exposure to high temperatures (Nalon
etal., 2023;2021). The dosage of PCE was 3.60% (by weight of binders) because preliminary
studies indicated that a PCE/CBN ratio of 0.40 (by weight) provided nanosuspensions with
optimized dispersion. The content of CaO-based EA was 2.50% (by weight of binders)
because preliminary studies indicated that this dosage provided appropriate shrinkage control
(Nalon et al., 2023).

Firstly, a mixture of CBN, PCE and water was prepared with ultrasonication
(sonication energy equal to 450 J/mL). Next, this nanosuspension was mixed for ~10 minutes
with cement, lime, CaO-based EA and sand. The SMs were used to produce self-sensing
joints and units, in addition to six mortar prisms of 20 mm X 20 mm x 60 mm cured for 28
days at 23 + 2 °C and RH of 60 + 5%. Two Kanthal electrodes (iron-chromium-aluminum
alloy) of 12 mm x 30 mm x 1.5 mm were embedded into the central region of three of these

mortar prisms, using a distance between electrodes of approximately 1.0 cm.

7.2.4. Production of self-sensing masonry prisms

The steps of production of self-sensing masonry components and masonry prisms are
presented in Figure 2. In prisms produced with self-sensing units, a hole with diameter of
5.0 cm was drilled (Figure 2a) at the middle height (B1 region) of the concrete blocks. A half
hole with diameter of 7.5 cm was drilled at the inferior side (B2 region) of the concrete
blocks. After that, the internal surface of the holes (Figure 2b) was covered with two thin
layers of epoxy-based structural adhesive. Before the adhesive was cured, sand was sprayed
on the epoxy layer and the expansive SM-0.00 mortar was poured into the hole in two layers
of equal height. This epoxy-based interface was applied to provide appropriate waterproofing

protection, bonding and electrical insulation to the self-sensing regions, following
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recommendations of previous research (Nalon et al., 2023; Xiao et al., 2011b). After
compacting each layer of self-sensing mortar with 30 strokes of a steel tamping rod (Figure
2c¢), electrodes were embedded into the central region of the hole (Figure 2d). The dimensions
of the electrodes were 12 mm x 40 mm X 1.5 mm and the spacing between them was
approximately 1.0 cm. After that, the self-sensing mortar was covered with a plastic film for

three days and the concrete unit was kept at 23 £ 2 °C and RH of 60 + 5%.

Figure 2 - Production of self-sensing masonry components and masonry prisms.

Production of self-sensing units Prism production

Production of self-sensing horizontal joints Production of self-sensing vertical joints
Source: Author (2024).

Using the parameters presented in Table 1, masonry prisms were constructed by an
experienced mason (Figure 2e-h) when the age of the self-sensing mortar embedded into the
concrete units was seven days Figure 2f shows that blue spacers were left in the J1 and J2
regions of the prisms. The concrete blocks’ surface was moistened before placing the PM
joints. One of the surfaces of the bottom and top units of the prisms was previously capped
with a cement mortar layer with thickness of about 3.0 mm. Prisms of HCBs were produced
with three courses, whereas prisms of SCBs were constructed with five courses, so that they
had similar height/thickness ratios (between 4.3 and 4.5) and length/thickness ratios (between
2.0 and 2.1).
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The self-sensing mortar joints were produced when the age of the prisms was seven
days. The production steps of horizontal and vertical self-sensing joints were slightly
different. In the case of horizontal joints, the blue spacer was removed from the J1 region
and the electrodes were bonded at the appropriate location (Figure 2i), using the epoxy-based
structural adhesive. After that, the internal surfaces of the J1 region were covered with two
thin layers of the epoxy-based structural adhesive (Figure 2j). Again, sand was sprayed on
the epoxy layer before it was cured. Then the empty space between concrete units was filled
with the expansive self-sensing mortar (Figure 2k and 1).

In the case of vertical joints, the blue spacer was removed from the J2 region, internal
surfaces were covered with two thin layers of the epoxy-based structural adhesive were, sand
was sprayed on the epoxy surface and the self-sensing mortar was embedded into the empty
space between the units (Figure 2m). After that, electrodes were fixed in the green support
presented in Figure 2n. Finally, the electrodes were carefully embedded into the vertical joint
and the green support was bonded to the blocks’ surface with adhesive tape (Figure 20).

After casting the self-sensing joints, they were covered with a plastic film for three
days and the prisms were kept immobile for 28 days at 23 + 2 °C, RH of 60 + 5% and
protected from rain, sun and wind. After this curing period, the specimens were dried at
60 + 10 °C for 72 h. This drying process was used in previous works dealing with self-sensing
mortars (Han et al., 2021; Wang et al., 2019, 2021) to decrease the amount of water in the
pores of the self-sensing mortars and reduce the effects of polarization on their electrical

output.

7.2.5. Determination of mechanical and piezoresistive properties

The piezoresistive response of the self-sensing regions of each masonry prism was
evaluated within the elastic regime of the material, using the experimental setup presented in
Figure 3a. Firstly, three loading/unloading cycles up to 30% of the expected ultimate load of
the specimens were carried out. Next, another loading cycle with three steps (~10%, 20%
and 30% of the expected ultimate load of the prism) was applied. The loading rate was
approximately 0.50 MPa/s, based on the net area of the prisms.

FCREs of the self-sensing masonry components were measured during the piezoresistive
tests. At first, each nanomodified mortar was connected in series with a commercial resistor
with electrical resistance of 1000 Q. Then, they were subjected to a 5 V square wave voltage

signal generated by a microcontroller board (Arduino Mega 2560 R3). The frequency and
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the duty cycle of this periodic signal were 6.0 Hz and 50%, respectively. Using a NI DAQ-
9178 chassis equipped with NI-9219 modules, the voltage drops across the SM and the
commercial resistor were measured during the loading/unloading cycles at specific time
instants (80% of the positive part of the square wave signal), as suggested by previous
researchers (Downey et al., 2017; Lima et al., 2021; Meoni et al., 2021). Given that the
frequency of the square wave was 6.0 Hz, the sampling frequency used in the electrical

measurements was also equal to 6.0 Hz.

Figure 3 - Experimental setup used in piezoresistive tests (a) and modulus of elasticity tests (b).
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Source: Author (2024).

To measure the compressive strain during the piezoresistive tests, different apparatuses
were used for symmetric arrangement of EMIC clip-gauges (model EEO8 of the DL series)
with respect to the central axis of the electrodes embedded into the B1, B2, J1 and J2 self-
sensing regions, as shown in Figure 4a. The GF of each self-sensing region was determined
using the FCR and compressive strain measurements. Values of GF were calculated using

Equation (1), based on the linear stretch of FCR versus longitudinal strain (&) curves.

AR Ap
r=FR_R P (1)
& & &

where Ro and po are the initial electrical resistance and resistivity of the self-sensing
region, respectively, € is the longitudinal strain measured by the EMIC clip-gauges, and AR
and A4p are the changes of electrical resistance and resistivity due to the uniaxial compression

loading, respectively.
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Figure 4 - Apparatuses used to measure compressive strain in piezoresistive tests of B1, B2, J1 and J2 regions
of masonry prisms (a) and prismatic specimens of self-sensing mortars (SMs) (b).
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Source: Author (2024).

The same EMIC clip-gauges were used in piezoresistive tests of prismatic specimens
(20 mm x 20 mm x 60 mm) of SMs containing embedded electrodes (Figure 4b), in order to
calculate the GF of cement-based sensors under uniaxial compression.

According to tunnel effect theory-based piezoresistivity models applied in previous
research (Liu et al., 2015; Xiao et al., 2010, 2015, 2016), the GF of cementitious composites
produced with CBN is strictly related to the effects of multi-axial strain conditions.
Consequently, the states of stress and strain of the self-sensing masonry components must be
taken into account to understand the values of GF obtained in the present work. The results
of piezoresistive tests were interpreted using formulations published in previous research
(Berto, 2005; Francis et al.,, 1971; Hendry, 1997) for the lateral strain (in the x and z
directions) induced by a vertical compressive stress oy (in the y direction) in a stack-bond
prism produced with solid units and full mortar bedding. These formulations derived from
classical continuum conditions, as indicated in Equations (2) and (3). In addition, the lateral
stresses (in the x and z directions) can be obtained using Equations (4) and (5).

b= lonvlo ro e = o vlo, 4] @

u m
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8z,u = Eiu [O-z,u —V, (O-y + Gx,u )] = 8z,m = Eim [O-z,m Vi (O-y + O-x,m )] (3)
B o (— pv, + vu)
T = o = 1+ cyz,B —v, —apv, @
o ac,(Bv., —v.) )

o = Cam T af-v, —apv,

where E, and E,, are the modulus of elasticity of the unit and mortar, respectively; v,
and v, are the Poisson’s ratio of the unit and mortar, respectively; &, and &, are the lateral
strains of the units and mortar in the x direction; &, and &, are the lateral strains of the units
and mortar in the z direction; oy, and oy, are the lateral stresses of the units and mortar in
the x direction; oz, and oz, are the lateral stresses of the units and mortar in the z direction;
a is the ratio between the height of the units and the mortar joint thickness; and f = Eu/En.

After the piezoresistivity measurements, the masonry prisms were subjected to
experimental tests for determination of static modulus of elasticity, using the experimental
setup presented in Figure 3b. Two initial loading/unloading cycles up to one-half of the
expected ultimate load of the prisms were applied, according to recommendations of ABNT
NBR 16868-3 (2020). After that, the compressive load was increased again and the elastic
modulus was calculated as the slope of the straight line between the points of compressive
stress of 5% and 30% of the masonry prism’s strength. These tests were carried out using the
same loading rate used in the piezoresistive tests. The EMIC clip-gauges were also attached
to the two smaller sides of the prism (Figure 3b) to measure the deformation between the
middle height of the top unit and the middle height of the bottom unit of the prism.

Finally, the compressive stress was increased up to the rupture of the masonry prisms.
FCRs were measured in all self-sensing regions of the prisms during the loading process. To
enable a visual inspection of some failure mechanisms, the loading rate was 0.05 MPa/s and
brief interruptions in the increased loading were eventually needed.

Prismatic specimens (20 mm x 20 mm x 60 mm) of SMs and PMs without electrodes
were also subjected to experimental tests for determination of modulus of elasticity and
Poisson’s ratio. Following the recommendations of ABNT NBR 8522 (2017), three initial
loading/unloading cycles up to 30% of the expected ultimate load of the prisms were applied,
using the loading rate of 0.50 MPa/s. Then, the compressive load was increased and the static

elastic modulus was determined as the slope of the straight line between the points of
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compressive stress of 0.50 MPa and 30% of the specimens’ strength. Deformations were

measured using the EMIC clip-gauges attached to the lateral surfaces of the mortar prisms.

7.2.6. Statistical analyses

All results obtained in the characterization of masonry components (modulus of
elasticity, Poisson’s ratio, compressive strength and GF) and masonry prisms (modulus of
elasticity, compressive strength and GF of various self-sensing regions) were subjected to
Grubb’s tests (outlier identification), Shapiro-Wilk tests (evaluation of normality of
residuals) and Bartlett tests (evaluation of homoscedasticity). After that, an analysis of
variance (ANOV A) was carried out when its assumptions were met. Tukey’s tests were also
used to compare average values. The significance level (o), null hypotheses (Ho), alternative

hypotheses (H.) and results of all statistical analyses are presented in APPENDIX 7A.

7.3. RESULTS AND DISCUSSIONS

7.3.1. Characterization of masonry components

Results obtained in the standard characterization of units (SCBs and HCBs) and
conventional mortars (PMs) used to construct the masonry prisms are presented in Table 3
and Table 4, respectively. Results of compressive strength of mortars and units indicated that

all series of prisms presented fi/fnet Within the desired range defined in Table 1.

Table 3 - Standard characterization results of concrete units (SD = standard deviation).

Solid concrete bricks (SCBs)  Hollow concrete blocks (HCBs)

Property Mean SD Mean SD
Length (mm) 200.4 0.3 289.3 0.3
Width (mm) 100.4 1.9 138.8 0.4
Height (mm) 80.4 0.6 189.9 0.8
Thickness of face shells (mm) - - 26.3 0.3
Thickness of cross webs (mm) - - 26.4 0.2
Net area/gross area ratio (%) - - 57.8 0.4
Net area compressive strength (MPa) 27.0 1.2 17.4 1.1
Water absorption (%) 8.37 0.12 5.96 0.38
Density (g/cm3) 2.14 0.07 2.16 0.03

@ When available, prescriptions of ABNT NBR 12118 (2013) - similar to ASTM C140/C140M (2020) - were
used in this work.

Source: Author (2024).
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Table 4 - Standard characterization results of plain masonry mortars (SD = standard deviation).

Property @ PM-0.25 PM-0.75 PM-1.50
perty Mean SD Mean SD Mean SD
Compressive strength (MPa) 18.54 1.13 9.70 0.48 6.52 0.39

@ Prescriptions of ABNT NBR 13279 (2005b) - similar to EN 1015 (2019) - were used in this work.

Source: Author (2024).

As indicated in the previous section, representative specimens of masonry components
(SCBs, HCBs, PM and SM) with the same shape and size (prisms of 20 mm x 20 mm x
60 mm) were tested to enable coherent comparisons. Average results of modulus of elasticity,
Poisson’s ratio, compressive strength and GF of these specimens are summarized in Figure
5. APPENDIX 7A indicated that all ANOVA assumptions were satisfied and statistical
differences were observed in all parameters, except for the Poisson’s ratio. Results of Tukey’s
tests were represented at the top of the bars of Figure 5 (bars sharing the same uppercase
letter are statistically equal at the 5% significance level). Error bars representing the standard
deviation of each series were also graphically represented.

Figure 5 - Modulus of elasticity (a), Poisson’s ratio (b), compressive strength (c), and gauge factor (d) of

prismatic samples (20 mm x 20 mm x 60 mm) of units, plain mortars and self-sensing cementitious materials.
According to the Tukey’s test (o0 = 5%), bars sharing the same uppercase letter are statistically equal.
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Figure 5a and Figure 5b indicated that SCB, HCB and SM-0.00 samples exhibited the
same modulus of elasticity and Poisson’s ratio. Moreover, the deformation properties of PM-
0.25, PM-0.75 and PM-1.50 were statistically equal to those of SM-0.25, SM-0.75 and SM-
1.50, respectively. Therefore, the self-sensing materials designed in this work presented
appropriate deformation compatibility with the substrate (masonry unit or mortar joint).

Deformation compatibility is of great importance because the mismatch in the modulus
of elasticity and Poisson’s ratio of cementitious materials can cause stress concentration and
debonding issues (Cabrera and Al-Hasan, 1997; Kiani et al., 2018; Morgan, 1996; Wang et
al., 2021). Moreover, if the self-sensing material and the monitored concrete element have
different stiffness, FCRs will not be only associated with the movements of the monitored
structure because surrounding constraints effects will also affect the electrical output of the
cement-based sensors (Han et al., 2022; Sun et al., 2014; Xiao et al., 2011b, 2011a).

Compressive strength results illustrated in Figure Sc indicated that the self-sensing
materials (SMs) were always stronger than the corresponding concrete units (SCB or HCB)
or mortar joints (PMs). These results are in good agreement with previous studies (Downey
et al., 2018b; Xiao et al., 2011a) that reported an important aspect required for practical
application of self-sensing cementitious composites in SHM systems: the smart composites
should not fail before the monitored structural element.

The GFs of SMs presented in Figure 5d were calculated based on linear regression
models that properly fit the experimental data represented in FCR vs compressive strain
curves of Figure 6 (S1, S2 and S3 represent the three replicates of each different type of SM).
The coefficients of determination (R?) of the models were higher than 0.95, which indicates
a piezoresistive response with good linearity and repeatability. Figure 6 shows that increases
in compressive strain caused negative FCRs, which can be attributed to improvements in
tunneling and/or contacting conduction between CBN aggregates due to reductions in the
distance between these conductive nanoadmixtures (Dong et al., 2019; Lima et al., 2021;
Nalon et al., 2021; Zhang et al., 2019). According to Figure 5d, increases in the lime/cement
ratio caused slight increase in the GF of the nanomodified mortars. These results suggest that
increases in porosity and Ca(OH)2 contents associated with the incorporation of lime caused
small interruptions in the conductive network of the composites, improving tunneling
conduction rather than contacting conduction and, consequently, increasing the GF of the

material.
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Figure 6 - Relationship between FCR and compressive strain measured in piezoresistive tests of SMs.
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Source: Author (2024).

7.3.2. Strength, stiffness and failure modes of masonry prisms

Figure 7 shows the net area compressive strength and modulus of elasticity of masonry
prisms. Statistical analyses of this dataset (APPENDIX 7A) revealed that ANOVA
assumptions were satisfied for both response variables, so that Tukey’s tests could be used
to detect statistical differences between these parameters. Details of the failure mechanisms
of specimens S1, S2 and S3 of each series of prisms are illustrated in APPENDIX 7B.

Since the series #1 and #3 were produced with units and mortars with similar
deformation properties (Figure 5), they presented similar values of average modulus of
elasticity (Figure 7b shows that they share the same uppercase letters “AB”, according to the
Tukey’s test). However, the average net area compressive strength of series #1 was 24.6%
lower than that of series #3. According to Zahra et al. (2021), prisms made with SCBs have
higher strength than prisms produced with HCBs because an improved bonding between

mortar and units is provided by solid bricks due to their larger contact area.
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Figure 7 - Compressive strength (a) and modulus of elasticity (b) of the masonry prisms. According to the
Tukey’s test (o0 = 5%), bars sharing the same uppercase letter are statistically equal.
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The incorporation of self-sensing materials into the masonry prisms did not change
their mechanical behavior. For example, series #3, #4, #5 and #6 share the same uppercase
letters “B” and “AB” in Figure 7a and Figure 7b, respectively. Similarly, series #1 and #2
share the same uppercase letters “A” and “AB” in Figure 7a and Figure 7b, respectively.

In series #1, #2, #3, #4, #5 and #6, the mortar was softer and weaker than the units, so
that the mortar joint was confined laterally and lateral tensile stresses were induced in the
units (Mohamad et al., 2007; Nalon et al., 2022; Parsekian et al., 2012). The typical failure
mode observed in the prisms of these series was mainly characterized by vertical cracks
(yellow arrows of Figure 8a-f) that initiated at the interface between the joints and the central
unit of the prisms, when the compressive stress (o) was around 75-85% of the strength of the
prisms (f,). This failure mode was also observed in prisms with 0.40 < f,./fy.net < 0.90 reported
in previous papers (AbdelRahman and Galal, 2020; Caldeira et al., 2020; Kazempour et al.,
2017; Mahamid and Westin, 2020; Martins et al., 2018; Nalon et al., 2020; Thamboo and
Dhanasekar, 2019; Zahra et al., 2021). The effects of crack propagation on the electrical

output of the self-sensing regions are discussed in the next subsections.



263

Figure 8 - Typical failure modes of the masonry prisms
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A comparison between the average mechanical properties of prisms of series #6 and #7
indicated that the use of mortars significantly weaker than the units caused percentage
reductions of about 15.5% and 21.8% in the average compressive strength and modulus of
elasticity of the prisms, respectively. Despite this, the Tukey’s tests indicated that these
reductions were not statistically relevant for o = 5%, which can be related to the high standard
deviation typically observed in experimental tests of masonry elements.

Localized mortar crushing (red rectangle of Figure 8g) was observed in the joints of all
prisms of series #7. The crushed mortar was expelled during the compression tests and face-
shell spalling was eventually observed. These failure mechanisms are in good agreement with
those verified in prisms with fiu/fonet < 0.40 that were tested in previous works (Caldeira et
al., 2020; Mohamad et al., 2017; Nalon et al., 2020; Segura et al., 2018; Zahra et al., 2021).

When the mortar joint was stronger than the units (series #8), negligible changes in the
compressive strength were observed. In fact, a literature review of previous works indicates
that increases in mortar strength cause marginal increases in the compressive strength of
masonry elements constructed with low-strength units (Mohamad et al., 2007; Nalon et al.,
2022; Parsekian et al., 2012). In contrast, the average modulus of elasticity of series #8 was
higher than those observed in all prisms investigated in this research. It happened because
the modulus of elasticity of the SM-0.25 mortar was statistically higher than those observed
in SM-0.75 and SM-1.50 mortars (Figure 5a).



264

In series #8, the unit was softer and weaker than the joint. Then, the concrete blocks
were confined laterally and the joints were subjected to lateral tensile stresses. The typical
rupture mode in this situation is a kind of shear failure (Berto, 2005; Hendry, 1997; Parsekian
et al., 2012). In fact, the block crushing phenomenon was evidenced by the sudden
propagation of diagonal cracks (blue arrow of Figure 8h) at the end of the series #8
compression tests. This brittle failure mode was also verified in prisms with f/fpnet > 0.90
that were tested in previous studies (Caldeira et al., 2020; Nalon et al., 2020; Sajanthan et al.,
2019; Sathiparan and Rumeshkumar, 2018; Thaickavil and Thomas, 2018).

The prisms of all series were produced with the full bedding approach (shells and webs
of the blocks were fully covered with mortar), except for the prisms of series #9, which were
produced using the face-shell bedding approach (mortar was only applied to the face shell
areas of the blocks). The average compressive strength and modulus of elasticity of series #9
were 38.9% and 29.6% lower than those observed in series #6, respectively, when these
mechanical properties were calculated on the basis of the net area of the units (Figure 7).
Experimental data obtained in previous literature (Mahamid and Westin, 2020; Parsekian et
al., 2012; Zahra et al., 2021) also indicated that the mechanical properties of face-shell
bedded masonry is 17.0-41.4% lower than those of full-bedded masonry elements.

The failure mode of series #9 specimens was characterized by vertical cracks at some
webs of the blocks (yellow arrows of Figure 8g), i.e., the prisms failed by web tensile
splitting. The same rupture mode was observed in face-shell bedded prisms tested in previous
research (Mahamid and Westin, 2020; Santos et al., 2017; Zahra et al., 2021), due to the
deep-beam action effect developed at the center of the unmortared webs.

The running-bond arrangement of units was only used in series #10. Tukey’s tests
indicated that the average compressive strength of series #6 (uppercase letter “B”) was
statistically different from that of series #10 (uppercase letters “CD”), whereas both series
exhibited average values of modulus of elasticity that are statistically equal (uppercase letters
“AB”). Figure 7 indicates that the average compressive strength of series #10 was 26.5%
lower than that of series #6. According to previous studies (Mohamad et al., 2011; Thaickavil
and Thomas, 2018; Thamboo and Dhanasekar, 2019), the vertical joints of running-bonded
prisms are weak links that contribute to an early prism rupture. As also observed in these
previous studies, separation cracks propagated from the interface between the concrete

blocks and the vertical mortar joint when o= 0.60 f,, (green rectangle of Figure §j).
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Finally, prisms of series #11 and #12 were produced with an average mortar thickness
of 15 mm and 20 mm, respectively. According to the Tukey’s tests, these series had the same
compressive strength (uppercase letters “BCD”’) and modulus of elasticity (uppercase letter
“B”). In addition, moderate differences were observed between the average mechanical
properties of these series and those of series #6 (mortar thickness of 10 mm). The increase in
mortar thickness caused average strength and stiffness reductions up to 21.5% and 25.7%,
respectively. In series #11 and #12, vertical cracks propagated from the mortar joints (yellow
arrows of Figure 81) and the prisms failed by tensile block splitting. Sometimes, mortar
fragments were expelled from the joints (red rectangle of Figure 81). In fact, previous research
has reported that increases in the joint thickness cause decreases in the lateral confinement
of the mortar and decreases in the tendency for units to fail by lateral splitting (Caldeira et

al., 2020; Hendry, 1997; Nalon et al., 2022; Thamboo et al., 2013).

7.3.3. Self-sensing behavior of prisms within the elastic regime

The strain-sensing performance observed in the piezoresistive tests of the prisms
(within the elastic regime) is presented in Figure 9. The GFs of all self-sensing regions were
calculated as the slope of linear regression models obtained from the FCR vs compressive
strain curves. An example of electrical signals (specimen S1 of series #6) acquired during
the piezoresistive tests was taken from the Supplementary Material and represented in Figure
10. According to APPENDIX 7A, the ANOVA assumptions were also satisfied for these
response variables. Therefore, Tukey’s tests were eventually used to detect statistical
differences between average values of GFs. The results indicated that an appropriate
piezoresistive response was observed in the B1, B2, J1 and J2 regions of all types of masonry
prisms, except for the B2 self-sensing region of series #9. In this case, FCRs were
approximately zero when the cyclic compressive loading was applied. It happened because
the main load path of face-bedded prisms was through the mortared area of the units, whereas
the B2 self-sensing region was located at the lateral web of the central block of the prisms.
Therefore, the applications of self-sensing cementitious material on the front side of solid
concrete bricks, face shells of hollow concrete blocks and mortar joints were found to be
promising strategies for strain-monitoring in SHM of masonry structures.

The GF of B1 self-sensing region of all prisms varied between 231 and 296. In the B2
self-sensing region, the gauge factor varied from 221 to 285. The ANOVAs presented in
APPENDIX 7A provided P-values of 0.808 and 0.793 for the GF of B1 and B2 self-sensing
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regions, respectively. These results demonstrate that the average GF of self-sensing regions

embedded into masonry units are statistically equal, regardless if material was embedded into

the middle height or inferior region of the masonry units. In contrast, the statistical analyses

of APPENDIX 7A indicated that the GF of self-sensing regions of mortar joints changed

with the type of masonry prism because a P-value of 1.7 x 10"1° was obtained in the ANOVA

carried out for the experimental dataset associated with this response variable.

Figure 9 - Gauge factor of B1 (a), B2 (b), J1 and J2 (c) self-sensing regions of the masonry prisms. According
to the Tukey’s test (a0 = 5%), bars sharing the same uppercase letter are statistically equal.
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Figure 10 - Example of piezoresistivity results presented in the Supplementary Material: electrical output of
self-sensing regions B1 (a), B2 (b) and J1 (c) of specimen S1 of series #6.
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Based on the formulations presented in Equations (2), (3), (4) and (5) and
characterization results of Figure 5, it was possible to predict a lateral strain of 32.7 pe at the
mortar/brick interface of series #2 prisms, considering the stress amplitude applied in the
piezoresistive tests (elastic regime). If the brick was not interacting with the joint (brick under
uniaxial compression), the calculated lateral strain of the brick would be 31.6 ue. If the mortar
was not interacting with the brick (mortar under uniaxial compression), the calculated lateral
strain of the mortar would be 45.4 pe. These results indicated that the mortar/unit interaction
caused a small percentage increase (3.4%) in the tendency of lateral deformation of the
bricks. In contrast, the mortar/unit interaction caused a significant decrease (28.0%) in the
tendency of lateral deformation of the mortar. Since the o parameter of prisms of series
constructed with HCBs was significantly greater than that of series #2, it is expected that the
effects of mortar/unit interactions on the tendency of lateral deformations of the masonry
components tend to be minimized in the case of the units and amplified in the case of the
mortar.

These results indicated that the central units of the prisms tended to present lateral
deformations within the elastic regime that are almost equal to those observed in uniaxial
compression tests. Consequently, the GF of B1 and B2 self-sensing regions (Figure 9a and
Figure 9b) were always very similar to the GF of the SM-0.00 composites (Figure 5d). In
contrast, those formulations indicated that the mortar joint tended to present lateral
deformations that are significantly different from those observed in uniaxial compression
tests. Consequently, the GFs of J1 and J2 self-sensing regions (Figure 9c) were very different
from the GFs of SM-0.25, SM-0.75 and SM-1.50 composites (Figure 5d). These results are
in good agreement with previous studies (Ding et al., 2019; Liu et al., 2015; Xiao et al., 2010,
2011a, 2011b) that reported that the GF of CBN-based cementitious sensors embedded into
concrete elements (beams and columns under complex states of strain/stress) may be
different from the GF obtained when these cementitious sensors are calibrated under free
conditions (uniaxial compression state).

According to previous works (Liu et al., 2015; Xiao et al., 2010, 2015), the GF of
cementitious sensors containing randomly distributed CBN is strongly dependent on both
longitudinal and transverse deformations (FCR amplitude and GF decrease with the increase
in the Poisson’s ratio). When the mortar was softer and weaker than the units, the joint was
confined laterally, which decreased its lateral deformation. Then, the average GFs of the J1

self-sensing region of series #2, #4, #6, #9 and #10 (0.40 < fi/fp.net < 0.90) were 8.2-15.1%
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higher than the average GF obtained when the SM-0.75 composites were subjected to
uniaxial compression. In series #7, this percentage increase in average GF was amplified
because the value of f./fynet Was lower than 0.40 (the average GF of J1 self-sensing region of
series #7 was 22.1% higher than the average GF of SM-1.50 composites). In contrast, when
the unit was softer and weaker than the mortar, the joint was tensioned laterally, which
increased its lateral strain. In consequence, the average GF of the J1 self-sensing region of
series #8 (ful/fo.net > 0.90) was 6.3% lower than the average GF calibrated when the SM-0.25
specimens were subjected to uniaxial compression.

The GF of J1 self-sensing region of the series #11 and #12 was statistically equal to
those observed in series #2, #4, #6, #9 and #10 (all of them were identified with the uppercase
letter “B”, according to the Tukey’s test). Therefore, it is possible to conclude that the
increase in the joint thickness did not cause significant change in the average GF of the self-
sensing horizontal joints. The decreases in the confinement level of the mortar joint
associated with the increase in their thickness were too small to cause a significant change in
the average GF of the joint.

Results of series #10 presented in Figure 9c also show that the average GF of the J2
self-sensing region was 41.5% and 21.8% higher than the average GF of SM-0.75 composites
and J1 self-sensing region, respectively. This difference is also related to the distinct
restraining conditions of the J2 self-sensing region of the prism and the SM-0.75 specimens.
The surrounding concrete blocks restrained the lateral expansion of the vertical joint, whereas

the SM-0.75 specimens were free to deform laterally.

7.3.4. Self-diagnosis of damage of prisms

FCRs of self-sensing regions of units (B1 and B2) were measured during monotonic
compression tests of the specimens (S1, S2 and S3) of each series of masonry prisms, as
presented in Figure 11. To evaluate the crack sensing ability of the cement-based sensors, the
FCRs measured during the plastic regime of the masonry prisms were discussed based on the
failure modes (APPENDIX 7B) described in previous subsections. The general behavior
presented in Figure 11 was characterized by significant FCR decreases (increases in electrical
conductivity) up to 50-70% of the compressive strength of the specimens. Sometimes, these
FCRs were followed by stages of balance and abrupt increases, as also reported in subsequent
experimental studies compiled in the review paper of Han et al. (2015). The stage of balance

is associated with the germination of fresh microcracks that caused obstructions between



269

adjacent CBNs that formed the conductive network within the self-sensing regions. The

progressive propagation of cracks through the cementitious matrix significantly decreased its

electrical conductivity, which explains the FCR increases evidenced at the end of the

compression tests of some masonry prisms. The stabilization of FCR values at higher loading

levels can be interpreted as a distinctive electrical response of the self-sensing materials, as

the stages of balance and abrupt increases in FCR can be associated with the germination and

propagation of microcracks, providing a nuanced representation of damage evolution that

may not be captured by conventional sensors like strain gauges.

Figure 11 - Fractional changes in electrical resistivity (FCR) measured in B1 and B2 self-sensing regions of
masonry prims when the compressive load was increased up to the failure of the specimens.
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Propagation of vertical cracks through the B1 and/or B2 self-sensing regions were

observed at the end of the compression tests of prisms with mortar weaker than the units

(finlfo.net < 0.90), such as specimens of series #2 (Figure 8b), #5 (Figure 8e), #6 (Figure 8f),

#7 (Figure 8g), #11 (Figure 8k) and #12 (Figure 81). Diagonal and vertical cracks were also

observed around the B1 and/or B2 self-sensing regions at the end of the compression tests of

prisms of series #8 (Figure 8h), i.e., prisms with units weaker than the mortar (f,u/fs,nec > 0.90).
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Stages of balance and abrupt increases in FCR during the plastic regime of these self-sensing
regions (Figure 11) show that their electrical output provided an anticipated warming
associated with the propagation of vertical and diagonal cracks in masonry units. These
stages were mainly evident in B2 self-sensing regions, where the transverse tensile stresses
originated from the interaction between mortar joint and unit are more significant. These
results indicate that the strong non-linearity at the end of FCR vs compressive stress curves
can be an important evidence of the development of masonry failure mechanisms associated
with tensile splitting or crushing of masonry units.

In contrast, Figure 11f shows that the B1 self-sensing region of all prisms of series #9
did not present evident non-linearity at the end of FCR vs compressive stress curves. It
happened because these prisms failed by web tensile splitting due to the use of the face-shell
bedding approach. In contrast, FCRs of the B2 self-sensing region fluctuated around zero. It
happened because the B2 region was located at the lateral web of the central block (Figure
81), whereas the main load path of these prisms was through the face shells of the blocks.

Figure 12 shows the FCRs of self-sensing regions of masonry joints (J1 and J2) during
the monotonic compression tests of the masonry specimens (S1, S2 and S3) of each series
investigated in the present study. The typical behavior observed in the electrical output of
self-sensing masonry joints was characterized by relevant FCR decreases (increases in
electrical conductivity) up to about 30% of the compressive strength of the masonry
elements. After that, FCR values remained basically unchanged or slowly decreased up to
the failure of the specimens. According to previous research (Caldeira et al., 2020; Mohamad
et al., 2017, 2018; Nalon et al., 2022), the mortar joints govern the masonry failure process
due to mortar crushing and/or localized splitting failure at the block-mortar interface.
Therefore, the abrupt change in the slope of FCR vs compressive stress curves can be related
to the propagation of prism cracks through the joint and/or the internal pore collapse of the
confined mortar joint. These mechanisms caused the disruption of conductive paths between
CBN due to the propagation of microcracks, decreasing the rate of FCR with increasing load.

The J1 self-sensing region of few prisms exhibited a distinct behavior in FCR vs
compressive stress curves. For example, the J1 self-sensing region of specimens S1 and S2
of series #9 did not exhibit a descending stage at the end of the curves (Figure 12f). It
happened because the face-shell bedded prisms of series #9 failed by web tensile splitting,

so that the cracking propagation in their mortar joints tended to be less intense.
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Figure 12 - Fractional changes in electrical resistivity (FCR) measured in J1 and J2 self-sensing regions of
masonry prims when the compressive load was increased up to the failure of the specimens.
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7.4. CONCLUSIONS

This work presents an experimental investigation of mechanical and self-sensing
properties of masonry prisms produced with self-sensing mortar joints, solid concrete bricks
and/or hollow concrete blocks. Self-sensing cementitious materials were designed to be
compatible with existing masonry units and mortar joints. They can also be specifically
designed for monitoring of next-generation smart masonry structures. The following
conclusions were obtained from the results of the present work:

(1) The most appropriate locations for the embedded self-sensing mortars were the front
side of solid bricks, face shells of hollow concrete blocks and mortar joints were
found to be promising alternatives for strain monitoring and damage detection in the
field of SHM of masonry structures. In addition, statistical analyses indicated that
these applications did not cause significant changes in the compressive strength,

modulus of elasticity and failure mechanism of masonry prisms. However, plain and
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nanomodified components must present similar deformation properties to ensure the
best self-sensing and mechanical performance.

(2) Variations in the type of masonry unit, mortar bedding approach, bonding
arrangement, relative strength between mortar and units, joint thickness and location
of self-sensing regions did not affect the GF of cementitious sensors embedded into
the middle height and inferior region of masonry units. In contrast, the GF of
cementitious sensors embedded into horizontal or vertical joints of the prisms was
statistically affected by most of these variations.

(3) Effects of triaxial stress/strain states of self-sensing masonry joints on their GF were
elucidated in the present work. In prisms constructed with mortar softer than units,
the GF of the self-sensing masonry joint was 8.2-22.1% higher than the GF
calculated when this material is under uniaxial compression. In prisms produced
with units softer than mortar, the GF of the self-sensing masonry joint was 6.3%
lower than the corresponding GF calculated in uniaxial compression tests. The
increase in joint thickness did not cause significant GF changes. The GF of
composites embedded into vertical joints of masonry prisms was 17.9% higher than
the average GF of self-sensing regions embedded into horizontal masonry joints.

(4) FCRs of self-sensing regions of units and joints during the plastic regime revealed
their intrinsic ability to detect damage and help in processes of prediction of
masonry failure modes. Stages of balance and abrupt increases in FCR during the
plastic regime provided an anticipated warming associated with the propagation of
vertical and diagonal cracks associated with tensile splitting and crushing failure of
units. The strong non-linearity at the end of FCR vs compressive stress curves can
be an important evidence of the pore collapse phenomenon of crushed mortar joints.

Future research is needed to describe the piezoresistive responses based on theoretical
piezoresistivity models available in the literature for cementitious sensors containing
randomly distributed CBN and subjected to various states of multi-axial strain. Further
studies on the use of different types of nanomaterials for improvement of the self-sensing

response of the concrete units and mortar joints are also required.
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APPENDIX 7A: RESULTS OF STATISTICAL ANALYSES

7A.1. GRUBB’S TEST FOR OUTLIER DETECTION

The results obtained from the tests conducted on masonry components and prisms were

subjected to a statistical based on Grubb’s tests for detection of outliers.

7A.1.1. Hypothesis and significance level

» Null hypothesis (Ho): all values belong to the same population.
» Alternative hypothesis (Ha): the smallest or the largest value is an outlier.

» Significance level (a): 5%.

7A.1.2. Results of the statistical tests

The results of Grubb’s test are presented in Table A1, Table A2, Table A3, Table A4,
Table AS, Table A6, Table A7, Table A8 and Table A9.

Table A1l - Grubb’s test statistical summary for modulus of elasticity results of masonry components.

Series Average modulus of  Standard deviation Minimum Maximum Grubb's test P_value
elasticity (GPa) (GPa) (GPa) (GPa) statistic
SCB 20.77 1.78 19.50 22.80 1.14 0.269
HCB 21.17 2.57 19.30 24.10 1.14 0.298
PM-0.25 22.80 1.10 21.70 23.90 1.00 1.000
PM-0.75 14.70 0.70 14.00 15.40 1.00 1.000
PM-1.50 9.97 1.47 8.30 11.10 1.13 0.391
SM-0.00 21.27 1.17 20.40 22.60 1.14 0.328
SM-0.25 21.10 2.08 18.70 22.40 1.15 0.092
SM-0.75 14.00 0.46 13.50 14.40 1.09 0.637
SM-1.50 9.37 1.07 8.70 10.60 1.15 0.089
Source: Author (2024).
Table A2 - Grubb’s test statistical summary for Poisson’s ratio results of masonry components.
Series Average POISSOH s Standard deviation Minimum Maximum Grubl? s.test P-value
ratio statistic
SCB 0.184 0.014 0.172 0.200 1.11 0.537
HCB 0.181 0.018 0.167 0.202 1.13 0.420
PM-0.25 0.147 0.005 0.143 0.150 * *
PM-0.75 0.159 0.020 0.143 0.182 1.13 0.424
PM-1.50 0.159 0.020 0.143 0.182 1.13 0.424
SM-0.00 0.178 0.009 0.170 0.188 1.09 0.637
SM-0.25 0.157 0.014 0.142 0.169 1.09 0.637
SM-0.75 0.168 0.015 0.152 0.181 1.09 0.661
SM-1.50 0.177 0.020 0.157 0.196 1.01 0.972

Note: *G and P-value were not calculated for series PM-0.25 because one of the samples was inappropriately
fractured during the test. Then, it was not possible to apply the Grubb’s test with only two replicates.

Source: Author (2024).



Table A3 - Grubb’s test statistical summary for compressive strength results of masonry components.
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Average compressive

Standard deviation

Minimum

Maximum

Grubb's test

Series strength (MPa) (MPa) (MPa) (MPa) statistic P-value
SCB 15.24 2.74 12.31 17.73 1.07 0.729

HCB 13.56 1.50 11.98 14.96 1.05 0.815
PM-0.25 28.52 0.97 27.62 29.55 1.06 0.792
PM-0.75 12.87 1.16 11.89 14.14 1.10 0.572
PM-1.50 8.13 1.39 6.55 9.13 1.14 0.298
SM-0.00 41.09 1.87 39.49 43.15 1.10 0.584
SM-0.25 35.87 0.79 35.10 36.67 1.03 0.913
SM-0.75 23.65 0.69 22.92 24.28 1.07 0.746
SM-1.50 10.48 0.85 9.50 11.03 1.15 0.144

Source: Author (2024).
Table A4 - Grubb’s test statistical summary for gauge factor (GF) results of masonry components.

Series Average GF Standard deviation =~ Minimum  Maximum Grsttlll)tli)sstitcest P-value
SM-0.00 262.7 10.2 251 270 1.14 0.281
SM-0.25 303.0 11.8 293 316 1.10 0.576
SM-0.75 338.3 10.1 329 349 1.06 0.780
SM-1.50 347.7 14.6 334 363 1.05 0.811

Source: Author (2024).

Table AS - Grubb’s test statistical summary for net area compressive strength results of masonry prisms.

Average net area

Standard deviation

Minimum

Maximum

Grubb's test

Series compre(sli/i[\lf)fz1 )strength (MPa) (MPa) (MPa) statistic P-value

#1 17.46 1.51 16.23 19.14 1.11 0.504
#2 17.75 0.43 17.37 18.21 1.08 0.675
#3 13.16 1.57 11.50 14.61 1.06 0.774
#4 12.11 1.12 10.82 12.80 1.15 0.060
#5 12.08 1.02 11.30 13.24 1.13 0.374
#6 13.76 2.54 11.82 16.63 1.13 0.382
#7 11.63 0.59 11.21 12.04 * *

#8 12.83 0.99 11.69 13.47 1.15 0.141
#9 8.40 0.63 7.67 8.85 1.14 0.284
#10 10.12 0.62 9.42 10.59 1.14 0.348
#11 11.11 0.89 10.12 11.85 1.11 0.532
#12 10.80 0.54 10.19 11.20 1.14 0.323

Note: *G and P-value of series #7 were not calculated due to issues in the data acquisition during the

compression test of one of the specimens (it is not possible to apply the Grubb’s test with only two replicates).

Table A6 - Grubb’s test statistical summary for net area elastic modulus results of masonry prisms.

Source: Author (2024).

Series Average modulus of ~ Standard deviation =~ Minimum  Maximum Grubb's test P-value
elasticity (GPa) (GPa) (GPa) (GPa) statistic
#1 16.57 0.59 159 17.0 1.14 0.328
#2 16.73 2.10 15.1 19.1 1.13 0.413
#3 16.70 3.04 14.7 20.2 1.15 0.157
#4 16.97 1.80 14.9 18.2 1.15 0.213
#5 15.30 1.91 13.1 16.5 1.15 0.100
#6 17.23 1.92 15.5 19.3 1.08 0.712



#7

#8

#9
#10
#11
#12

13.47
20.67
12.13
16.80
12.80
14.53

1.85
2.70
1.52
0.20
2.31
1.02

12.3
18.0
10.5
16.6
11.0
13.8

15.6
234
13.5
17.0
15.4
15.7

1.15
1.01
1.08
1.00
1.13
1.14
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0.103
0.959
0.708
1.000
0.417
0.281

Source: Author (2024).

Table A7 - Grubb’s test statistical summary for GF results of B1 self-sensing region of masonry prisms.

Average GF of Blself-

Grubb's test

Series . . Standard deviation Minimum Maximum . P-value
sensing region statistic
#2 253.7 18.6 241 275 1.15 0.206
#5 262.3 19.9 240 278 1.12 0.437
#6 259.3 24.7 231 276 1.15 0.194
#7 274.0 18.5 255 292 1.03 0911
#8 275.0 20.1 256 296 1.05 0.835
#9 263.7 18.3 243 278 1.13 0.420
#10 262.0 22.9 236 279 1.14 0.336
#11 277.3 16.6 262 295 1.06 0.767
#12 274.7 24.0 250 298 1.03 0.908
Source: Author (2024).
Table A8 - Grubb’s test statistical summary for GF results of B2 self-sensing region of masonry prisms.
Series Average .GF of 1.32 self- Standard deviation Minimum Maximum Grubl{) s.test P-value
sensing region statistic
#2 250.0 19.7 232 271 1.07 0.747
#5 259.0 22.6 235 280 1.06 0.780
#6 252.7 27.5 221 271 1.15 0.174
#7 266.3 19.4 245 283 1.10 0.600
#8 266.0 5.6 260 271 1.08 0.702
#11 272.0 14.7 256 285 1.09 0.661
#12 264.3 18.1 245 281 1.07 0.756

Source: Author (2024).

Table A9 - Grubb’s test statistical summary for GF results of J1 and J2 self-sensing regions of the prisms.

Average GFof J1 andJ2  Standard

Grubb's test

Series self-sensing regions deviation Minimum Maximum statistic P-value
#2 J1D) 368.3 14.2 352 378 1.15 0.202
#4 (J1) 395.3 18.6 380 416 1.11 0.520
#6 (J1) 395.7 6.0 390 402 1.05 0.817
#7 (J1) 446.7 24.7 430 475 1.15 0.194
#3 (J1) 284.0 9.6 277 295 1.14 0.298
#9 J1) 398.0 11.8 388 411 1.10 0.576
#10 (J1) 392.7 9.7 382 401 1.10 0.600
#10 (J2) 478.3 18.2 462 498 1.08 0.696
#11 J1) 397.0 12.5 385 410 1.04 0.868
#12 J1) 394.3 7.4 386 400 1.13 0.391

Source: Author (2024).
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7A.1.3. Conclusions of the statistical tests

A P-value higher than 0.050 was observed in all series. Therefore, Ho was not rejected,

which means that outliers were not found in the experimental dataset.

7A.2. SHAPIRO-WILK TEST OF NORMALITY

Experimental results were also subjected to the Shapiro-Wilk test to evaluate the

normality of residuals, which is one of the analysis of variance (ANOVA) assumptions.

7A.2.1. Hypothesis and significance level

» Null hypothesis (Ho): residuals are normally distributed.
» Alternative hypothesis (Ha): residuals are not normally distributed.

» Significance level (a): 5%.

7A.2.2. Results of the statistical tests

The results of Shapiro-Wilk’s tests are shown in Table A10.

Table A10 - Shapiro-Wilk’s test statistical summary for all response variables.

Response variable Shapiro-Wilk's test statistic P-value
Modulus of elasticity of masonry components 0.977 0.781
Poisson’s ratio of masonry components 0.950 0.227
Compressive strength of masonry components 0.984 0.875
GF of masonry components 0.934 0.428
Compressive strength of masonry prisms 0.967 0.373
Modulus of elasticity of masonry prisms 0.969 0.390
GF of B1 region of masonry prisms 0.940 0.119
GF of B2 region of masonry prisms 0.927 0.123
GF of J1 and J2 regions of masonry prisms 0.959 0.292

Source: Author (2024).

7A.2.3. Conclusions of the statistical tests

P-values were always higher than 0.050 (Ho was not rejected). Regardless of the

response variable, the residuals are normally distributed.
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7A.3. BARTLETT TEST OF HOMOSCEDASTICITY

Results of compression and piezoresistive tests of masonry components (SMs, PMs,
SCBs and HCBs) and masonry prisms were also subjected to the Bartlett’s test to evaluate

homoscedasticity, which is another ANOV A assumption.

7A.3.1. Hypothesis and significance level

» Null hypothesis (Ho): all population variances are equal.
» Alternative hypothesis (Ha): at least two population variances are different.

» Significance level (a): 5%.

7A.3.2. Results of the statistical tests

The results of Bartlett’s tests are shown in Table A11.

Table A1l - Bartlett’s test statistical summary for all response variables.

Response variable Bartlett's K-squared P-value
Modulus of elasticity of masonry components 6.515 0.590
Poisson’s ratio of masonry components 5.352 0.719
Compressive strength of masonry components 5.822 0.667
GF of masonry components 0.309 0.958
Compressive strength of masonry prisms 10.037 0.527
Modulus of elasticity of masonry prisms 11.279 0.420
GF of B1 region of masonry prisms 2.890 0.941
GF of B2 region of masonry prisms 3.499 0.744
GF of J1 and J2 regions of masonry prisms 5.511 0.788

Source: Author (2024).

7A.3.3. Conclusions of the statistical tests

All analyses provided P-values significantly higher than 0.050 (Ho was not rejected).

Regardless of the response variable, homoscedasticity was observed in the obtained data.

7A.4. ANALYSIS OF VARIANCE (ANOVA)

ANOVAs were carried out to compare the averages obtained in compression and

piezoresistive tests of masonry components (SMs, PMs, SCBs and HCBs) and prisms.
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7A.4.1. Hypothesis and significance level

» Null hypothesis (Ho): all means are equal.
» Alternative hypothesis (Ha): at least one mean is different.

» Significance level (a): 5%.

7A.4.2. Results of the statistical tests

All ANOVA results are shown in Table A12, Table A13, Table A14, Table A15, Table
A16, Table A17, Table A18, Table A19 and Table A20.

Table A12 - ANOVA statistical summary for the modulus of elasticity of masonry components.

Degrees of Sum of Mean F test

Source L P-value
freedom squares Square statistics

Treatments 8 665.17 83.15 36.209 1.5x107°

Residuals 18 41.33 2.30 - -

Total 26 706.50 - - -

Source: Author (2024).

Table A13 - ANOVA statistical summary for the Poisson’s ratio of masonry components.

Degrees of ~ Sum of Mean F test
Source o P-value
freedom squares Square statistics
Treatments 8 0.00359  0.000449 1.222 0.344
Residuals 17 0.00625  0.000368 - -
Total 25 0.00984 - - -

Source: Author (2024).

Table A14 - ANOVA statistical summary for the compressive strength of masonry components.

Degrees of ~ Sum of Mean F test
Source . P-value
freedom squares Square statistics
Treatments 8 3357.7 419.71 196.33 6.6 x 1071
Residuals 18 38.5 2.14 - -
Total 26 3396.1 - - -

Source: Author (2024).

Table A15 - ANOVA statistical summary for the GF of masonry components.

Degrees of ~ Sum of Mean F test

Source freedom squares Square statistics P-value
Treatments 3 13431 4477.0 32.151 8.2x 107
Residuals 8 1114 139.2 - -
Total 11 14545 - - -

Source: Author (2024).
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Table A16 - ANOVA statistical summary for the compressive strength of masonry prisms.

Degrees of ~ Sum of Mean F test

Source . P-value
freedom squares Square statistics

Treatments 11 246.66 2242 15.47 4.1x 108

Residuals 23 33.35 1.45 - -

Total 34 280.01 - - -

Source: Author (2024).

Table A17 - ANOVA statistical summary for the modulus of elasticity of masonry prisms.

Degrees of ~ Sum of Mean F test

Source . P-value
freedom squares Square statistics

Treatments 11 180.31 16.39 4.47 1.1 x 1073

Residuals 24 87.95 3.66 - -

Total 35 268.27 - - -

Source: Author (2024).

Table A18 - ANOVA statistical summary for the GF of B1 self-sensing region of masonry prisms.

Degrees of  Sum of Mean F test

Source . P-value
freedom squares Square statistics

Treatments 8 1405.3 175.67 0.544 0.808

Residuals 18 5810.7 322.81 - -

Total 26 7216.0 - - -

Source: Author (2024).

Table A19 - ANOVA statistical summary for the GF of B2 self-sensing region of masonry prisms.

Degrees of ~ Sum of Mean F test
Source . P-value
freedom squares Square statistics
Treatments 6 1135.2 189.21 0.507 0.793
Residuals 14 5226.0 373.29 - -
Total 20 6361.2 - - -

Source: Author (2024).

Table A20 - ANOVA statistical summary for the GF of J1 and J2 self-sensing regions of masonry prisms.

Degrees of ~ Sum of Mean F test
Source - P-value
freedom squares Square statistics
Treatments 9 67996 7555.1 36.634 1.7 x 1010
Residuals 20 4125 206.2 - -
Total 29 72121 - - -

Source: Author (2024).
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7A.4.3. Conclusions of the statistical tests

The P-value was higher than 0.05 (Ho was not rejected, i.e., all means are statistically
equal) when evaluating the Poisson’s ratio of the masonry components and the gauge factor
of the B1 and B2 self-sensing regions of the masonry prisms. When evaluating the other
response variables, the P-value was lower than 0.05 (Ho was rejected, i.e., all means are not
statistically equal). Tukey's tests (a0 =5%) were used to detect the average values that are
statistically different from the others. The graphs of the main text of this work indicate the

results of these post-hoc tests.



APPENDIX 7B: IMAGES OF FAILURE MODES OF MASONRY PRISMS

Figure B1 - Failure modes of masonry prisms S1, S2 and S3 of series #1, #2, #3 and #4.
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Figure B2 - Failure modes of masonry prisms S1, S2 and S3 of series #5, #6, #7 and #8. 294
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Figure B3 - Failure modes of masonry prisms S1, S2 and S3 of series #9, #10, #11 and #12. 295
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THERMAL ANALYSIS OF CONCRETE BLOCKS AND
8 STACK-BOND PRISMS UNDER DIFFERENT
BOUNDARY CONDITIONS

This chapter has been published as the
following paper: Nalon, G. H.; Ribeiro, J. C. L.;
Pedroti, L. G.; Silva, R. M.; Araiijo, E. N. D.
Thermal analysis of concrete blocks and stack-
bond prisms under different boundary
conditions. Construction Materials 4 (2024)
58-71.
https.//doi.org/10.3390/constrmater4010004

Abstract: Fire is a big threat to human lives and to the integrity of buildings. To better
understand the complex behavior of masonry exposed to high temperatures, thermal analyses
were carried out to evaluate the temperature distribution in concrete blocks and stack-bond
prisms exposed to high temperature levels. The effects of distinct specimen boundary
conditions (restrict or easy access to air circulation inside the voids of the block and prisms)
on the thermal response of the masonry materials were investigated. Thersys 2.0 software
was used to implement three-dimensional thermal analysis of distinct finite element models.
Four-node tetrahedral elements and full integration were used in all models. The modeling
approach was validated by experimental data obtained from thermocouples embedded into
masonry components. The results indicated that the boundary conditions significantly
affected the time required for homogenization of temperature in blocks and prisms. Easy
access to air circulation inside the voids of the prisms provided a faster temperature
homogenization. In this scenario, the prism reached temperature ranges of (300 x
0.5%x%300) °C and (600 £ 0.5%x600) °C after exposure times of 2 h and 2 h 10 min,
respectively. When access to air circulation within the voids of the prisms was limited, the
same temperature ranges were achieved after exposure times of 5 h 20 min and 6 h,

respectively.

Keywords: masonry prisms; concrete blocks; mortars; modeling; fire; thermal properties of

materials; finite element method.
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8.1. INTRODUCTION

Fire is a significant threat to the human lives and to the integrity of buildings. After
exposure to elevated temperatures, masonry elements undergo a series of temperature-
dependent physicochemical transformations and phase changes that degrade their original
strength and stiffness (Daware and Naser, 2021; Russo and Sciarretta, 2013; Yassin et al.,
2018). In the face of increasing fire incidents, a comprehensive investigation of the heat
transfer mechanisms of masonry elements is essential to ensure the protection of life and
masonry structures.

In fire tests of construction materials, the specimens are exposed to hot gases, so that
heat transfer occurs through radiation from furnace’s heating instruments and convection
mechanisms (Assis and Neto, 2020). Masonry prisms have been widely used to investigate
the behavior of masonry exposed to high temperatures, as they are more cost-effective
specimens compared to masonry walls. Moreover, these types of samples are easier to
construct and test. Fire tests of masonry prisms may provide interesting information about
the masonry compressive behavior, in addition to the economic benefits associated with the
small size of these types of specimens (Nalon et al., 2023).

Some fire tests of masonry prisms have been carried out in computer-controlled
electrical furnaces. For example, Leal (2023) recently exposed masonry prisms to different
temperatures levels (200, 400, 600 and 800 °C) in a horizontally oriented furnace with side
openings and sliding doors. To optimize the convection mechanisms within the hollow
spaces of the prisms, the specimens were strategically placed on supports, ensuring both
elevation and central positioning inside the furnace. Then, the authors obtained normalized
degradation curves of mechanical properties of concrete masonry prisms. Kiran et al. (2022)
exposed prisms of solid clay brick to the standard ISO 834 (1999) curve (30, 60, 90 and 120
min) and natural cooling, using an electric furnace with inner dimensions of 700 mm x 400
mm x 400 mm. Reference prisms (without plaster) failed after a heating exposure higher than
60 min, whereas prisms coated with sand mortar, vermiculite mortar, or perlite mortar
demonstrated superior fire resistance. Prisms of solid clay brick were also heated up to
different temperature levels (200, 400 or 600 °C) in a box muffle furnace by Gao et al. (2023),
followed by natural cooling. They verified that the best residual strength improvements were

provided by a reinforced layer of PVA (poly vinyl acetate) and steel fibers. Bittencourt and
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Antunes (2019) placed hollow clay block prisms on the insulation floor of an electrical
furnace and exposed them to different levels of high temperature (300, 600 or 900 °C) and
natural cooling. The high thermal resistance of hollow clay units provided excellent residual
mechanical properties to the masonry prisms.

Gas furnaces with high heating capacity have been also used in fire tests of masonry
prisms. For instance, Leal et al. (2021) tested concrete block prisms and small walls exposed
to the standard ISO 834 curve (1999) for 70 min and natural cooling in a gas furnace with
inner dimensions of 4 m x 3 m x 1.5 m. A ceramic fiber blanket was placed on the top and
bottom ends of the specimens. Fire-damaged prisms and small walls exhibited a compressive
strength of approximately 14% compared to their initial strength. Neto (2020) also
investigated clay block prisms exposed to the standard ISO 834 curve (1999) for 120 min
and fan cooling in a gas furnace. The specimens presented mechanical properties reductions
up to 98.5% after exposure to 900 °C. Dupim (2019) reported fire tests of concrete block
prisms exposed to the standard ISO 834 curve (1999) for 70 and 120 min and fan cooling in
a gas furnace. Specimens covered with a plaster layer and heated for 120 min presented
residual compressive strength values from 6% to 9% of their initial strength.

In this context, the thermal analysis of masonry prisms is of paramount importance to
understand the behavior and performance of materials under such extreme conditions.
According to Torregrosa and Diez (2015), the thermal behavior of masonry elements is very
complex, depending on the intrinsic characteristics of masonry units and mortar joints. Heat
transfer takes place by conduction mechanisms in the components’ solid parts, and by
convection and radiation mechanisms on the external surfaces and surfaces of the cavities of
the masonry elements. Assis and Neto (2020) verified an important role in the radiation
mechanisms inside the cavities of concrete blocks. Consequently, the contribution of air
convection mechanisms to heat transfer inside the voids was negligible when high emissivity
values were used on the cavities surface.

The boundary conditions of the specimens during the fire tests have a substantial
impact on their temperature distribution profile, as these conditions determine how heat is
transferred and dissipated. Although different boundary conditions have been used in the
previous fire tests of masonry prisms, there is no systematic evaluation of the thermal
response associated with these distinct test methods.

Numerical analyses have been widely used for investigation of the thermal behavior of

masonry structures (Oliveira et al., 2021; Prakash et al., 2020; Sciarretta, 2014), as numerical
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models can provide detailed and continuous temperature distributions throughout the entire
analyzed domain. Due to the limited number of thermocouples, it is hard for the experimental
analyses to achieve a high level of detail in capturing the temperature distribution of complex
systems. Additionally, the challenges associated with the placement of thermocouples inside
the masonry specimens pose inherent difficulties. The insertion of thermocouples can change
the natural thermal flow within the materials, potentially influencing the temperature
distribution being measured.

For example, Russo and Sciarretta (2016) used the DIANA 9.6 (DIANA FEA BV,
Delft, Netherlands) software to develop the structural analysis of heat-damaged models of
stack-bond prisms produced with hollow clay blocks with different ratios between net and
gross area (@), i.e., a = 1.00, 0.70, 0.55 or 0.40. Their objective was to capture the cracking
behavior under both thermal and mechanical stresses. This software provided a heat flow
analysis that reproduced the heat transmission throughout the specimen and its hollows. A
constant density was used for blocks and mortar, the specific heat was not presented and
equivalent thermal conductivity values were was used to treat the air cavities as a fictitious
material and account for the heat exchange inside the voids of the blocks. Stress-strain curves
were input for masonry units and mortar joints. The authors simulated the thermo-mechanical
behavior of the different models during and after the standard fire exposure prescribed in ISO
834-1 (1999). However, the authors emphasized the need for further experimental validation
to support the calibration of the model.

Using the finite element method (FEM) software MASA (Macroscopic Space Analysis,
University of Stuttgart, Germany), BosSnjak et al. (2020; 2019) carried out thermo-mechanical
numerical analyses of stack-bond prisms of masonry made of solid calcium silicate bricks.
Their experimental and numerical studies aimed to provide more information for the
assessment of fire-damaged masonry structures. The authors used 4-node tetrahedral
elements to mesh the masonry components. The specific mass, thermal conductivity and
specific heat of the materials of the numerical models were not reported. The microplane
model with a relaxed kinematic constraint was used as the constitutive law for quasi-brittle
materials. Additionally, the assumption of a perfect bond was made between mortar and
bricks. According to the authors, their model appeared to be suitable for simulating the
behavior of masonry elements exposed to elevated temperatures. According to BoSnjak et al.
(2020; 2019), further validation with a more complete database (tests at both the specimen

and component levels) is needed to finalize the modeling parameters.
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Rodovalho and Corréa (2019) carried out a thermal simulation of FEM models of stack-
bond prisms made of hollow concrete blocks elaborated in the ABAQUS software
(SIMULIA, USA). The primary objective of their work was to assess the thermal insulation
capacity of concrete block masonry in a fire situation, based on numerical simulations of
masonry prisms. The masonry components were generated using elements belonging to the
DC3D8 “heat transfer” family. The authors modeled the fluid domain inside the cavities of
the blocks using solid elements of the FC3D8 “fluid” family and applied the fluid-structure
interactions. The radiation in the voids of the blocks was not represented. Variations of
specific mass, thermal conductivity and specific heat with temperature were obtained from
various papers published in the literature. The authors only applied the temperature increases
to the external faces of the prisms that were directly exposed to the inner chamber of an oven.
The numerical models were validated by comparing the average temperature increases
obtained numerically with the results of a masonry experiment featuring mortar coating on
the specimen’s face exposed to fire.

The ABAQUS software was also used by Rodovalho, Corréa and Neto (2020) to carry
out thermo-mechanical numerical investigations of FEM models of stack-bond prisms
exposed to high temperatures. The authors aimed to numerically verify the mechanical
strength of concrete block prisms under compression and fire conditions. According to the
authors, the thermal properties used in these models were the same used in the paper
published by Rodovalho and Corréa (2019). The stress-strain curves and damage models
were obtained from various papers published in the literature. A satisfactory alignment was
achieved between the experimental and numerical stress-strain curves in room temperature.
Nevertheless, the results from the thermo-mechanical simulations were not validated through
experimental data.

FEM models of stack-bond prisms produced with hollow clay blocks with different
geometries were evaluated in thermal numerical analyses carried out by Quispe et al. (2023),
using the ABAQUS software. These authors aimed to numerically analyze heat transfer
mechanisms in masonry prisms under fire conditions. The DC3D8 “heat transfer” finite
element was used. Three different types of numerical approaches were investigated: a
homogenized model, a detailed model with constant thermal properties, and a detailed model
with thermal properties varying with temperature. The authors modeled a volume of air inside
the cavities of the prisms to account for radiation and convection mechanisms. The results

indicated that the homogenization approach provided conservative estimates. However, its
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computational demand was minimal when compared to that required by the other modelling
approaches. Moreover, decreases in the value of « caused thermal insulation gains due to the
low thermal conductivity of the air. Experimental studies were not carried out to validate the
numerical results.

Depending on the location of masonry blocks and prims inside the furnace and the
distribution of the furnace’s heating instruments, the specimens will be subjected to different
boundary conditions during the fire tests, which may change the heat transfer mechanisms
inside their voids. Thorough attention must be given to the exposure of the open ends of
hollow specimens to the heating instruments of the furnace. The specimens are sometimes
placed directly on the insulating floor of the furnace. When at least one end of the specimens
1s covered with insulation material, the air circulation within the voids is restricted,
potentially affecting the temperature distributions during the heating process because
convection mechanisms are mitigated and heat conduction through the air mass emerges as
the predominant mode of heat transfer. On the other hand, placing the open ends close to the
heating instruments promotes relevant air circulation within the voids of the specimens,
which can decrease the time required for the experimental tests. This configuration enables
convective interactions between the internal surface of the specimens and the hot gases, in
addition to conduction mechanisms within the air mass.

However, the existing body of research lacks both experimental and numerical
investigations of the complex patterns of temperature distribution within concrete blocks and
stack-bond prisms. Previous studies have not undertaken a comparison of the influence of
different boundary conditions on the thermal behavior of masonry specimens during heating
tests. In addition, the formation of convection currents in voids of masonry blocks and prisms
was not investigated in previous research and is often overlooked in fire tests. Moreover,
there is a discernible gap in the literature regarding practical guidance on the time required
for temperature homogenization of masonry specimens.

To fill this knowledge gap, the present work presents thermal analyses for evaluation
of the temperature distribution in concrete blocks and stack-bond prisms exposed to different
temperature levels, considering the effects of distinct boundary conditions. The following
contributions derived from this study: (i) new insights on the intricate patterns of temperature
distribution within concrete blocks and stack-bond prisms under predefined conditions; (ii)
exploration of the nuanced effects of different boundary conditions typically used in fire tests

on the thermal response of masonry prisms exposed to high temperatures, which contributes
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for refining fire testing methodologies; (iii) study of the impacts of the formation of
convection currents inside the voids of the masonry specimens, exploring an aspect that has
been neglected in fire tests carried out in previous research; and (iv) practical orientation
related to the time required for temperature homogenization of concrete masonry materials
subjected to elevated temperatures, contributing to the improvement of fire testing protocols
for masonry materials. These contributions not only advance the current understanding of
temperature distribution mechanisms but also hold practical implications, contributing to the
enhancement of precision in fire testing methodologies for masonry structures.

This chapter has been organized into four sections. Section 8.1 provides an overview
of previous literature regarding the thermal behavior of masonry prisms and highlights the
contributions of this study. Section 8.2 shows the materials and methods used for conducting
both experimental and numerical thermal analyses. Section 8.3 presents the findings derived
from the experimental and numerical analyses, followed by discussions aimed at elucidating
the significance of the obtained results. Section 8.4 elucidates the main conclusions drawn

from this study, along with recommendations for future research in this scientific field.

8.2. MATERIALS AND METHODS

8.2.1. Experimental analysis

Hollow concrete blocks donated by BLOJAF were characterized according to ABNT
NBR 12118 (2013), which is similar to the ASTM C140M (2020). The characterization of
these masonry units is summarized in Table 1. These blocks were used in experimental tests

for validation of the numerical analysis (Section 8.2.2) developed in the present research.

Table 1 - Characterization data of hollow concrete blocks.

Parameter Average SD
Length (mm) 289.3 0.3
Width (mm) 138.8 0.4
Height (mm) 189.9 0.8
Face shell’s thickness (mm) 26.3 0.3
Web’s thickness (mm) 26.4 0.2
a value (%) 57.8 0.4
Net area compressive strength (MPa) 17.4 1.1
Water absorption (%) 6.0 0.4
Density (g/cm3) 2.16 0.03

Notes: SD = standard deviation. & = ratio between net and gross area.

Source: Author (2024).
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A K-type thermocouples was embedded into a hole drilled in the blocks’ webs
(diameter of 8 mm), using a bench drill machine (Figure 1a). The location and depth of the
hole are indicated in Figure 1b. Then, the hole was filled with cement paste, taking special
care to eliminate any gaps or fixation failures, according to recommendations provided by

Medeiros, Parsekian and Moreno Junior (2022).

Figure 1 - Hole drilled in the concrete blocks (a) and position and dimensions of the hole (b).
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Source: Author (2024).

Dried concrete blocks were tested in a computer-controlled electrical furnace with
inner dimensions of 750 mm x 750 mm x 600 mm (Figure 2a). The heating curve was defined
by a linear temperature increase (rate of 7 °C/min) up to 300 °C, which was kept constant for
3 hours. After that, the specimens were cooled naturally inside the furnace. Two different
scenarios were investigated: restrict access to air circulation inside the voids of the block
(BC1), and easy access to air circulation inside the voids of the block (BC2). In the BCl1
scenario, the block was placed on an insulating floor typically used in electrical furnaces
(Figure 2b), as demonstrated by Bittencourt and Antunes (2019). In the BC2 scenario, the
insulating floor was removed and the block was positioned upright to facilitate air circulation
within its voids (Figure 2¢), mirroring the experimental methods used by Leal (2023).

Temperature measurements were acquired using the NI (National Instruments) data
acquisition (DAQ) system cDAQ-9178 and a NI 9219 module (acquisition rate of 1 Hz)
indicated in Figure 2a. One thermocouple was used to monitor the temperature inside the
furnace chamber and another thermocouple was used to monitor the temperature at the

middle web and middle height of the concrete block.
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Figure 2 - Experimental setup used heat the masonry components (a), according to the BC1 (b) and BC2 (¢)

configurations.
(a) K-type NI cDAQ-9178 chassis (b) BC1
thermocouple with NI 9219 module
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Source: Author (2024).
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8.2.2. Numerical analysis

Numerical simulations of different masonry specimens were carried out in the
Thersys 2.0 software (Universidade Federal de Minas Gerais, Belo Horizonte, Brazil), which
is based on the FEM and enables the use of different types of bidimensional isoparametric
elements (e.g., 3-node triangle element, 6-node triangle element, 4-node quadrilateral
element and 8-node quadrilateral element) or tridimensional isoparametric elements (e.g., 4-
node tetrahedral element, 10-node tetrahedral element, 8-node hexahedral element and 20-
node hexahedral element). This software deals with conduction heat transfer in the structure
domain, in addition to radiation and convection mechanisms between hot gases and the
surface of the structure. It supports the utilization of different fire curves, enables the
modeling of solid structures, and incorporates non-linear thermal properties of materials.
Further details regarding the implementation and validation of this software are discussed in
previous literature (Ribeiro et al., 2013, 2011, 2008; Ribeiro, 2009). Additionally, various
researchers have demonstrated practical applications of the software (Castro, 2005; Costa,
2005; Gerken, 2007; Moreira, 2013). The elaboration of the graphical modeling environment,
the generation of the FEM mesh and the visualization of results are developed using the GiD
tool, a pre and post processor for numerical simulations developed by the International Center
for Numerical Methods in Engineering (CIMNE, 2004).

Six distinct analyses were evaluated in the present work, whose characteristics are

listed in Table 2. The heating curve of all simulations was defined by a linear temperature
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increase (rate of 7 °C/min) up to a maximum exposure temperature level (300 °C or 600 °C),
which was kept constant until the end of each different analysis (Figure 3). The emissivity
coefficient &, and the convection coefficient a. were equal to 0.7 and 25 W/(m?.°C),
respectively (CEN, 2005; EN 1991-1-2, 2002; EN 1996-1-2, 2010). The Galerkin scheme

was used for temporal integration with a time interval A7 of 5 s.

Table 2 - Characteristics of the models evaluated in the thermal analyses.

Analysis Model composition Boundary conditions Maximum exposure temperature
BC1-300 B + AM BC1

BC2-300 B BC2 o

PC1-300 P+ AM PClI 300°C

PC2-300 P PC2

PC1-600 P+ AM PClI o

PC2-600 P PC2 600°C

Source: Author (2024).

Figure 3 - Heating curves used in the BC1-300, BC2-300, PC1-300, PC2-300, PC1-600 and PC2-600
numerical analyses.
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Source: Author (2024).

To reduce computational efforts, the finite element models were simplified based on
thermal symmetries of hollow concrete blocks and stack-bond prisms composed of three
blocks and two mortar joints. The geometry of the blocks and joints and the position of the
longitudinal and transversal planes of symmetry are represented in Figure 4, in addition to

the simplified models evaluated in the numerical analyses.
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Figure 4 - Dimensions (in millimeters) and thermal symmetry conditions used in the definition of the

numerical models.
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The models were composed of a single hollow concrete block (B), single hollow

concrete block + air mass in its voids (B + AM), stack-bond prism (P), or stack-bond

prism + air mass in its voids (P + AM), as indicated in Table 2 and illustrated in Figure 5.

Four-node tetrahedral elements and full integration were used in all models. Full integration

is commonly preferred for the development of tridimensional finite elements to address

numerical instabilities and convergence problems, by providing the exact integrals for the

elements’ stiffness matrix (Bettaieb et al., 2015; Jain and Kapuria, 2022; Kim and Huh,

1998). Some analyses were conducted to obtain viable and useful FEM models, in terms of

accuracy and computational time. They resulted in the mesh configurations, number of

elements and nodes, and resolution of FEM elements indicated in the models represented in

Figure 5.
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Figure 5 - Finite element mesh, number of nodes and elements of the different numerical models.
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Source: Author (2024).

One of the objectives of the thermal analyses was to investigate the effects of different
specimen boundary conditions due to the formation of convection currents inside the voids
of blocks and prisms. Four different situations were investigated: restrict access to air
circulation inside the voids of the block (BC1) and the prism (PC1), and easy access to air
circulation inside the voids of the block (BC2) and the prism (PC2). Figure 6 illustrates the
thermal exposure faces and thermal insulation faces of BC1, BC2, PC1 and PC2 boundary
conditions, which were applied to the B + AM, B, P + AM, and P models, respectively. In
the BC2 and PC2 boundary conditions, convection currents were formed inside the voids of
the specimen and heat transfer also occurred by radiation between the hot gases and its
internal surfaces. On the other hand, it did not happen in the BC1 and PC1 boundary
conditions because only heat conduction was considered in the air mass. The insulation areas
represented in Figure 6 are associated with (i) the insulation floor of the furnace or (ii) the
longitudinal and transverse planes of symmetry, where there is no contact between the

specimen and the hot gases of the furnace.
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Figure 6 - Schematic of the boundary conditions of the finite element models.
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Values of specific heat, thermal conductivity and specific mass of the concrete units
(Figure 7a) were those tabulated in EN 1992-1-2 (2004) for dry normal weight concrete with
siliceous aggregates. For the mortar joints, values of specific heat, thermal conductivity and
specific mass (Figure 7b) were those tabulated in previous papers (Rodovalho et al., 2017;
Rodovalho and Corréa, 2019). For the BC1 and PC1 models, data reported by Incropera and
DeWitt (1992) was used to define the specific heat, thermal conductivity and specific mass

of the air mass (Figure 7c) inside the hollows of concrete blocks and prisms.



310

Figure 7 - Variations of thermal conductivity, specific heat, and specific mass with temperature for concrete

(a), mortar (b) and air mass (c).
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8.3. RESULTS AND DISCUSSION

8.3.1. BC1-300 and BC2-300 thermal analyses
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Figure 8 shows a comparison between numerical and experimental results obtained in

the present work. It includes the results of temperature evolution at the node located at the

middle web and middle height of the numerical models BC1-300 and BC2-300, in addition

to the results of the thermocouple measurements used to validate the numerical model.
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Figure 8 - Experimental and numerical results of BC1-300 and BC2-300 thermal analyses.
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Before 100 °C, the experimental model revealed a higher temperature increase rate
than the numerical model. It can be attributed to the presence of some residual amount of
water in the pores of the cementitious matrix around the block’s thermocouples, which
increased the thermal conductivity of the material. At about 100 °C, a small plateau was
observed in the experimental curves, which was associated with the pore water evaporation.
After 100 °C, the numerical and experimental models provided a very similar response, so
that the temperature vs. time curves were close to each other in the range of 150-300 °C.
Results indicated that the numerical simulation approach had a high predictive ability to
represent the temperature evolution of dry hollow concrete blocks.

The boundary conditions significantly affected the time required for temperature
homogenization in the blocks, as results of BC1-300 and BC2-300 analyses reached the
maximum temperature (300 °C) after exposure periods of about 3 h 30 min and 1 h 45 min,
respectively. Therefore, it is possible to conclude that the formation of convection currents
inside the voids of blocks was able to decrease the time required for temperature

homogenization.

8.3.2. PC1-300, PC2-300, PC1-600 and PC2-600 thermal analyses

Results of PC1-300, PC2-300, PC1-600 and PC2-600 thermal analyses indicated the
nodes of the prisms that exhibited the highest and lowest values of temperature during the
numerical simulations. The identification number and position of these nodes in the prisms

and their temperature vs. time curves are presented in Figure 9.
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Figure 9 - Results of (a) PC1-300, (b) PC2-300, (c) PC1-600 and (d) PC2-600 thermal analyses.
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Figure 9 shows that the highest temperatures were observed in the hollow concrete

blocks. They were always identified in the surface nodes positioned at the corner of the

concrete units located at the ends of the masonry prisms (15412, 2412, 15414 and 2412 nodes
in PC1-300, PC2-300, PC1-600 and PC2-600 analyses, respectively). The temperature vs.

time curves for these nodes were very close to the temperature curves obtained for the hot
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furnace gases, as the nodes were located at the surface of the prisms. In contrast, results
presented in Figure 9 indicate that the lowest temperature levels of the prisms were observed
in nodes of the interior web of blocks (5168, 6631, 4365 and 6631 nodes in PC1-300, PC2-
300, PC1-600 and PC2-600 analyses, respectively) and mortar joints (6241, 7819, 6241 and
7819 nodes in PC1-300, PC2-300, PC1-600 and PC2-600 analyses, respectively).

The boundary conditions also affected the time required for temperature
homogenization in the prisms. For example, the prism of the PC1-300 analysis reached
(300 £ 0.5%x%300) °C after an exposure time of about 5 h 20 min, whereas the prism of the
PC2-300 analysis took about 2 h to reach the same temperature range. In contrast, the prism
of the PC1-600 analysis reached (600 £ 0.5%x600) °C after 6 h, whereas the prism of the
PC2-600 analysis took about 2 h 10 min to reach this temperature range. Then, the convection
currents formed inside the voids also decreased the time required for temperature

homogenization in the prisms, regardless of the maximum exposure temperature.

8.4. CONCLUSIONS

In conclusion, this study has advanced the understanding of temperature distribution
mechanisms within masonry materials. The thermal analyses provided the temperature vs.
time curves of concrete blocks and stack-bond prisms exposed to different temperature levels.

The boundary conditions (restrict or easy access to air circulation inside the voids of
the block and prisms) significantly affected the time required for temperature
homogenization in blocks and prisms. The examination of intricate effects arising from these
distinct boundary conditions contributed to the refinement of fire testing methodologies for
masonry prisms exposed to high temperatures.

The investigation into the often-neglected aspect of convection currents within voids
of masonry specimens added a novel dimension to the scientific discourse, filling a critical
gap in previous studies. Results indicated that the formation convection currents was able to
decrease the time required for temperature homogenization.

Novel practical orientation for fire tests was offered in this study, particularly in
relation to the time required for temperature homogenization in concrete masonry materials,
which can improve fire testing protocols. In terms of operational aspects, easy access to air
circulation inside the voids of test specimens may be recommended for fire tests, as it

provided a faster temperature homogenization. When access to air circulation within the
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voids of the prism was unrestricted, it reached temperature ranges of (300 + 0.5%x300) °C
and (600 % 0.5%x600) °C after exposure times of 2 h and 2 h 10 min, respectively. In contrast,
when the airflow within the voids of the prisms was restricted, the same temperature ranges
were achieved after exposure times of 5 h 20 min and 6 h, respectively. It is essential to note
that altering the heating rate would lead to variations in the time required for temperature
homogenization, which is a well-established fact in the existing literature. The decision to
limit the heating rate at 7°C/min in this study was intentional, focusing on facilitating the
exploration of aspects not previously covered in the literature.

The present research has revealed an important perspective in the current understanding
of the temperature distribution of masonry elements, based on the demonstration of the
impacts of different boundary conditions on the time needed for temperature homogenization
within blocks and prisms. These findings highlight the importance of evaluating the boundary
conditions associated with different equipment used in fire tests, thus opening new avenues
for exploration in this scientific field.

The intent of the present chapter was not to engage in a broad parametric analysis but
rather to assess the effects of convection mechanisms and temperature homogenization under
predefined test conditions. However, comprehensive parametric analyses could be developed
to provide a deeper understanding of the underlying dynamics in fire-exposed masonry
materials. In addition, the thermal analyses developed in the present work may be
complemented with numerical simulations for the investigation of the effects of different
boundary conditions on the thermal response of stack bond prisms made of hollow blocks
with different material or thickness of coating systems. It is essential to acknowledge that the
scope of this study did not encompass all possible variations in heating scenarios. Future
investigations in the realm of innovative heating treatments could be developed to explore
advanced techniques such as tailored heat distribution systems or innovative heating

equipment for fire tests of masonry specimens.
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BEHAVIOR OF SELF-SENSING CONCRETE
9 MASONRY EXPOSED TO HIGH TEMPERATURES
AND REHYDRATION

Abstract: High temperatures can compromise the structural integrity of structural masonry.
Therefore, assessing the post-fire mechanical behavior is crucial for selecting suitable
rehabilitation methods. Recent research has proposed the application of self-sensing
cementitious composites for monitoring strains, stresses, and damage of structural masonry
in room temperature. No previous research has been found on the self-sensing performance
of fire-damaged masonry prisms exposed to elevated temperatures, with or without
subsequent rehydration. Masonry prisms with integrated self-sensing joints and blocks were
produced and exposed to different maximum temperature levels, followed or not by
rehydration. Then, experimental tests for determination of compressive strength, modulus of
elasticity, gauge factor (GF) and damage-detection performance were carried out. The
exposure to 300 °C caused a 7.4% decrease in compressive strength and a 44.5% reduction
in elastic modulus. Rehydration methods had negligible effects in this case. After 600 °C,
substantial reductions of 42.2% in compressive strength and 81.5% in elastic modulus
occurred. In this case, rehydration led to a 15.9% increase in compressive strength and a
117.4% increase in elastic modulus. Regardless of the exposure temperature, the
predominant rupture mode initiated by vertical cracks originating at the block-mortar
interfaces. After 300 °C, slight GF increases occurred due to the thermal decomposition of
hydrates of the cementitious matrix, while exposure to 600 °C resulted in high GF increases
due to partial oxidation of nanomaterials and substantial microcracking propagation. Post-
fire curing improved the GF by sealing microcracks with nonconductive rehydration
products and enhancing tunneling conduction mechanisms. The self-sensing prisms also
demonstrated the ability for real-time damage detection and quantification, providing

valuable predictive insights into the propagation of damage.

Keywords: Masonry structures; fire; Structural Health Monitoring; smart structures;

nanomodified structural elements; piezoresistivity.
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9.1. INTRODUCTION

Losses of life and extensive structural damage due to severe fires have stimulated new
research on structural fire design and assessment. To avoid the demolition and reconstruction
of structures exposed to elevated temperatures, their repair and refurbishment are interesting
alternatives from the technical, ecological and economic points of view. However, a careful
and precise examination of the residual conditions of the fire-damaged structure is required
to ensure a suitable safety level (Cho et al., 2017; Ha et al., 2016; Nalon et al., 2021).

The construction of smart buildings is a pressing demand for an appropriate response
to the continuous increase in the number of urban residents, which will be around 2.5 billion
by 2050 (Qiu et al., 2023). In this context, self-sensing cementitious composites are
promising technologies to produce multifunctional structures. Based on the piezoresistivity
phenomenon, strain or stress of smart structural elements can be monitored based on changes
in their electrical resistivity. The strain sensitivity of resistance-based self-sensing materials
is estimated by their gauge factor (GF), which is defined as the fractional change in electrical
resistivity (FCR) per unit strain. In addition, the FCRs in the plastic regime of the composites
can be also associated with cracking propagation and damage events, which is an interesting
response for Structural Health Monitoring (SHM) applications (Chung, 2023; Ding et al.,
2023; Tian et al., 2019).

The self-sensing cementitious composites can be prepared by adding different types of
conductive admixtures to traditional cementitious matrices. Some examples of conductive
fillers used in previous literature are multi-walled carbon nanotubes (MWCNTs), carbon
black nanoparticles (CBNs), carbon fibers (CFs), graphene, graphite, steel fibers (SFs),
titania, etc. The addition of admixture contents within the percolation threshold of the
cementitious matrix can improve the sensitivity, reversibility and repeatability of the
electrical response (Bekzhanova et al., 2021; Dinesh et al., 2023; Vlachakis et al., 2020).

In their literature review paper, Mullins-Jaime and Smith (2022) identified that a
promising development in the concrete nanotechnology field is the design of self-sensing
cementitious matrices for strain/stress monitoring or damage detection after exposure to
elevated temperatures. For example, Dong et al. (2020) investigated the self-sensing
properties of cement pastes containing MWCNTSs (50 mm cubic specimens), after exposure

to 300 °C or 600 °C, and natural cooling. Pastes exposed to 300 °C presented higher strain
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sensitivity than reference specimens and pastes exposed to 600 °C. Variations in the self-
sensing response of the materials with the heating process were attributed to changes in the
conductive network due to modifications in the MWCNTSs’ structures and damage in the
cement-based matrix.

Jang et al. (2022) evaluated the residual piezoresistivity of fiber-reinforced cement
pastes containing MWCNTs (50 mm cubic specimens), after temperatures of 100 °C, 200 °C
or 400 °C. After exposure to any maximum temperature level, the specimens exhibited a
residual strain-sensing response for short- and long-term loading conditions. The thermal
decomposition of hydrates of the cementitious matrix hindered connections between
MWCNTs, which decreased the electrical conductivity of the materials. Cement-based
sensors containing lower dosages of MWCNT were more affected by the exposure
temperature than composites produced with high contents of nanomaterials, which exhibited
greater stability in their piezoresistive response.

The residual capacitive response, electrical resistivity and self-sensing parameters of
cement mortars containing MWCNTs or CBNs (40 mm X 40 mm x 75 mm prismatic
specimens) and exposed to 200 °C, 400 °C or 600 °C, and slow cooling were also investigated
in two different conditions: before rehydration processes (Nalon et al., 2021) or after
rehydration procedures (Nalon et al., 2023). The best piezoresistive response after exposure
to high temperatures was verified in mortars produced with the highest concentration of
carbon nanomaterials (9% of CBN, by weight of cement), which presented a notable
sensitivity to strain, stress and damage after exposure to temperature levels up to 600 °C.
After post-fire recuring, these mortars also presented appropriate piezoresistive response and
demonstrated the ability of self-detection of fire damage recovery.

Although previous studies (Dong et al., 2020; Jang et al., 2022; Nalon et al., 2023;
Nalon et al., 2021) already reported the self-sensing behavior of fire-damaged pastes and
mortars, the self-sensing properties of masonry components were only investigated in
specimens that were not subjected to high temperatures. For example, previous works
developed self-sensing clay bricks (Downey et al., 2018a; Meoni et al., 2021c; F Ubertini et
al., 2017) and self-sensing masonry mortars (Dimou et al., 2022; Drougkas et al., 2023a,
2023b) using different types of conductive admixtures (e.g., MWCNTs, SFs, titania, CFs,
graphene, graphite) and obtaining cost-effective solutions for SHM of heritage masonry
structures. Self-sensing units embedded into masonry walls were also designed and tested in

previous literature (D’ Alessandro et al., 2018; Garcia-Macias and Ubertini, 2019; Meoni et
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al., 2021c, 2021b, 2020, 2019). Results indicated that could map stress/strain fields, identify
loading path changes and quantify damage in masonry structures at room temperature.
There is no previous study that evaluated the piezoresistive behavior of self-sensing
masonry elements after exposure to high temperatures. In addition, the ability of masonry
structures to self-detect damage due to exposure to elevated temperatures has also not been
evaluated in previous papers. Then, another justification for developing this research is the
analysis of the applicability of self-sensing concrete blocks and mortar joints to monitor stress
and strains of fire-damaged masonry elements, as well as to verify their ability to self-detect
the damage associated with the exposure of the masonry to high temperatures. Moreover, the
effects of post-fire rehydration on the recovery of mechanical properties of masonry prisms
exposed to high temperatures are still unknown. Therefore, another motivation for the present
research is the characterization of mechanical and piezoresistive properties of masonry
prisms subjected to post-fire rehydration. Finally, a self-detection of masonry damage

recovery due to this rehydration process is another contribution of this work.

9.2. MATERIALS AND METHODS

9.2.1. Materials

The following materials were used to prepare the plain and the self-sensing mortars:
CP V-ARI portland cement [similar to the ASTM Type III high-early-strength portland
cement (ASTM, 2022; Mehta and Monteiro, 2005)] with specific mass of 3.08 g/cm?3;
hydrated lime with specific mass of 2.51 g/cm3; and river sand with maximum particle size
of 2.38 mm, fineness modulus of 2.52 and specific gravity of 2.64.

The conductive nanoinclusions used to produce the self-sensing masonry components
were CBNs with average particle size equal to 20 nm and specific surface area equal to
120 m?/g. Stable nanosuspensions were obtained using polycarboxylate-type superplasticizer
(PBS) with density of 1.12 g/cm3. In addition, a CaO-type expansive agent (EA) with specific
mass of 2.50 g/cm?3 was used for shrinkage control of the self-sensing mortars.

Masonry prisms were produced with hollow concrete blocks characterized according
to ABNT NBR 12118 (2013). To enable coherent comparisons with mortar specimens, the
static modulus of elasticity (E) and Poisson’s ratio (v) of the blocks was determined using

samples of 20 mm x 20 mm x 60 mm extracted from the blocks. Results of basic
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characterization of hollow concrete blocks are presented in Table 1. An epoxy-based
structural adhesive (ESA) with density of 1.70 g/cm3 (Tecbond MF Quartzolit) was also used

for construction of the self-sensing masonry elements.

Table 1 - Characterization data of hollow concrete blocks.

Parameter Average Standard deviation (SD)
Length (mm) 289.3 0.3
Width (mm) 138.8 0.4
Height (mm) 189.9 0.8
Face shell’s thickness (mm) 26.3 0.3
Web’s thickness (mm) 26.4 0.2
Ratio between net area and gross area (%) 57.8 04
Net area compressive strength of blocks fj, ne: (MPa) 17.4 1.1
Static modulus of elasticity (GPa) 21.2 2.1
Poisson’s ratio 0.18 0.02

Note: When available, the characterization of masonry units was carried out following the standard methods
of ABNT NBR 12118 (2013), which is similar to ASTM C140/C140M (2020).

Source: Author (2024).

9.2.2. Experimental design

A completely randomized design experiment with three repetitions (R1, R2 and R3)
was elaborated for the present study. The designations of all series that composed this
experiment are listed in Table 2. Each series was composed of self-sensing masonry prisms

that were prepared and tested according to the procedures presented in Sections 9.2.3 and

9.2.4, respectively.

Table 2 - Series of prisms that composed the experimental design of the present research.

Series Maximum exposure temperature Rehydration procedures
REF 25°C -
300WR 300 °C . .
600WR 600 °C Without rehydration
300R 300 °C 24 h of water curing followed by 27 days covered
600R 600 °C by wet fabric and inside plastic bags

Source: Author (2024).

The factors imposed in this experimental design were the maximum exposure
temperature and the application of rehydration procedures. Reference prisms that were not
subjected to elevated temperatures were also tested. The response variables were the prism’s

compressive strength (f,), the prism’s modulus of elasticity (E,), and the GF of three different

self-sensing areas of the masonry prisms:
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e Bl self-sensing area located in the middle height of the prisms’ central block;

e B2 self-sensing area located in the inferior part of the prisms’ central block;

e Jarealocated in the horizontal joint, between the inferior and the middle blocks.

Many images of these self-sensing areas are presented in the next sections. The values

obtained for these different response variables were subjected to statistical analyses.

APPENDIX 9A shows the significance level, null and alternative hypotheses of the Grubb’s

tests, Shapiro-Wilk tests, Bartlett tests and analyses of variance (ANOVA) carried out in the

present study. Furthermore, rupture mechanisms of the prisms were carefully observed and

associated with the FCR measurements.

9.2.3. Preparation of specimens

9.2.3.1. Mixture of plain and self-sensing mortars

The mixture proportions and basic characteristics of the plain and self-sensing mortars

used to construct the stack-bond prisms are summarized in Table 3. The plain mortar joint

had a sand/binder ratio of 3.00 (in volume) and a lime/cement ratio of 0.75 (in volume). The

water content was adjusted to obtaining a flow index of (7.0 £ 1.5) cm with the Kantro-cone

mold, which provided a suitable workability for masonry construction applications. These

mixture proportions provided a 28-days compressive strength of the mortar (f,) equal to
9.7 MPa (SD of 0.5), according to prescriptions of ABNT NBR 13279 (2005), which is
similar to EN 1015 (2019). Therefore, all prisms of this study had a f/fsne ratio of 0.56,

which meets the range of 0.40 < fu/fonee < 0.90 recommended for masonry structures

(Parsekian et al., 2012).

Table 3 - Mixture proportions and characterization data of the plain and self-sensing mortars.

Consumption (kg/m?) Flow

. E.
Mortar Cement Sand Lime Water CBN PBS EA l(nc‘rii;‘ (GPa) '™ GF
Plain mortar 14.7 0.16

joints 312.1 1405.4 190.9 290.2 0.0 0.0 0.0 7.6 0.6)  (0.02) -
Smart mortar of 21.3 0.18 263
B1 and B2 areas 664.3 997.1 0.0 3453 598 239 166 5.5 (1.0)  (001) (10)
Smart mortar of 14.0 0.17 338

T area 370.0 10314 226.3 344.0 537 215 149 58 04)  (0.01)  (10)

Notes: Values of standard deviation (SD) were presented in parenthesis.

Source: Author (2024).
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Lower aggregate/binder ratios (Table 3) were used for the self-sensing mortars
embedded into the mortar joints and blocks (1.86 and 1.75, in volume, respectively) because
the aggregates act as electrical insulation particles (Wen and Chung, 2007). The dosage of
CBNs was 9% (by mass of binders) because it provides appropriate self-sensing response to
cement mortars, before and after exposure to elevated temperatures (Nalon et al., 2023; Nalon
et al.,, 2021). In addition, the PBS content was 3.6% (by mass of binders), as previous
laboratory tests evidenced that improved dispersion conditions were observed in
nanosuspensions with PBS/CBN = 0.4 (in mass). An EA concentration of 2.50% (by mass of
binders) was added to the self-sensing mortars because previous laboratory tests revealed that
it provided appropriate shrinkage control. To prepare all self-sensing mortars, a
nanosuspension was initially prepared by mixing the CBNs, PBE and water, and applying an
ultrasonication energy of 450 J/mL to the mixture. After that, the other raw materials were
added to the nanosuspension and subjected to a mechanical mixture process for 10 min.

The mortar’s elastic modulus (E,) and Poisson’s ratio (v,) presented in Table 3 were
obtained from three prismatic mortar specimens (20 mm x 20 mm x 60 mm) that were
subjected to a 28-days curing period (temperature of 23 + 2 °C and relative humidity of
60 + 5%). These types of specimens were also used to determine the GF values listed in Table
3. However, the three prismatic specimens tested for determination of GF had two electrodes
of 1.2cm x 3.0 cm X 0.15 cm embedded into their central area (the spacing between the
electrodes was 1.0 cm).

The modulus of elasticity and Poisson’s ratio of the smart mortar of the B1 and B2 self-
sensing areas (Table 3) were close to those of the concrete blocks (Table 1). In addition, the
modulus of elasticity and Poisson’s ratio of the smart mortar of the J self-sensing area were
very close to those of the plain mortar. It happened because the self-sensing composites were
designed to present suitable deformation compatibility with the substrate (masonry

components).

9.2.3.2. Construction of masonry prisms

Figure 1 shows the procedures used to construct the masonry prisms. At first, a circular
hole (diameter = 50 mm) was drilled in the middle height of some concrete blocks (Figure
la) to create enough space for casting the nanomodified mortar of the B1 self-sensing area

of the prisms. In addition, a half hole (diameter = 75 mm) was drilled in the inferior part of
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the same blocks to create the space for molding the nanomodified mortar associated with the

B2 self-sensing area of the prisms.

Figure 1 - Procedures used in construction of specimens.

Production of self-sensing masonry blocks Production of masonry prisms

=1
555

& - Y Pl \ Y
Curing for 28 | Drying of prisms | Impermea- | Heating and cooling ' .
days for 3 days bilization procedures Rehydration methods

Source: Author (2024).

Following previous research findings (Nalon et al., 2023; Xiao et al., 2011), the ESA
was applied to the holes’ surface (Figure 1b) to ensure appropriate waterproofing and
bonding performance. Fine sand was sprayed on the fresh ESA layer and the self-sensing
mortar was molded in two equal layers inside the hole. After that, 30 strokes of a steel
tamping rod were used to compact each layer (Figure 1c). Then, two electrodes (dimensions
of 1.2 cm x 4.0 cm X 0.15 cm) were embedded into the expansive mortar (Figure 1d). The
distance between the electrodes was about 1.0 cm. Next, the nanomodified cementitious
matrix was covered with a plastic film for three days and the blocks were kept at 23 +2 °C
and relative humidity of 60 + 5%.

The stack-bond masonry prisms were constructed seven days after preparation of the
self-sensing concrete blocks (Figure 1e-g), using the full mortar bedding approach and a joint
thickness of 10 + 3 mm. The surface of the masonry units was moistened before placing the

mortar. Removable rubber spacers were left in the J areas of the prism joints.
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The smart mortar joint (J self-sensing area) was molded seven days after production of
the masonry prisms. At first, the rubber spacer was removed from the horizontal joint and
two electrodes were bonded in suitable locations using the ESA (Figure 1h). Next, the ESA
was applied around the internal surfaces of the J self-sensing area (Figure 1i). After that, fine
sand was sprayed on the fresh ESA layer and the expansive mortar was molded inside the
empty space between the blocks (Figure 1j-k). Then, self-sensing areas were covered with a
plastic film for three days. The specimens were kept immobile and protected from rain, sun
and wind (Figure 11) for additional 28 days, at temperature of 23 + 2 °C and relative humidity
of 60 + 5%.

After the curing process, all prisms were oven-dried (60 + 10 °C for 72 h) and then
cooled down to room temperature (Figure 1m) to avoid undesirable effects of ionic
conduction mechanisms on the self-sensing response of the nanomodified mortars (Han et
al., 2021; Wang et al., 2021, 2019). The drying procedures also aimed to simulate real-life
case scenarios of existing structures and avoid the formation of vapor pressure associated
with the sudden rise in the temperature during the heating process (Abadel et al., 2022; Yao
and Lu, 2021). After the drying process, a thin layer of ESA was also applied to the internal
and external surface of the prisms’ self-sensing areas (Figure 1n) to reproduce the methods

of improving the sensors’ waterproofing capability (Xiao et al., 2011).

9.2.3.3. Heating, cooling and post-fire recuring procedures

After the drying procedures, each series of prisms was subjected to different heating
treatments. Prisms of the REF series were not exposed to elevated temperatures. The prisms
of the other series were placed in a temperature-controlled chamber and heated up to the
desired maximum temperature indicated in Table 2 (300 °C or 600 °C). A NI compact DAQ-
9178 chassis, an NI-9219 module, the LabVIEW software, and type K thermocouples were
used for temperature measurements (Figure 10).

The temperature profile consisted of a 5 °C/min ramp. After reaching the desired
maximum temperature, it was kept constant. Numerical analyses presented in Chapter 8 were
developed to estimate the temperature distribution in the specimens, determine the required
time for temperature homogenization in the specimens, and investigate the effects of different
specimen boundary conditions on the formation of convection currents inside the voids of

the prisms. According to the conclusions presented in Chapter 8, it was decided to allow an
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easy access to air circulation inside the voids of the prisms during the exposure to elevated
temperatures. Moreover, the total exposure time was selected as 4 hours.

After the heating treatments, the masonry prisms were slowly cooled to room
temperature. As indicated in Table 2, the prisms of 300R and 600R series were subjected to
a rehydration process. At first, they were soaked in water for 1 day (Figure 1p). After
removing the specimens from the water tank, wet fabric was placed over their surface. Then,
they were covered by plastic bags (Figure 1q) and kept immobile for 27 days. The fabric was
checked regularly to ensure it stayed wet. After the rehydration process, the masonry prisms

were oven-dried (60 £ 10 °C for 72 h) and cooled down to room temperature again.

9.2.4. Testing methods

9.2.4.1. Piezoresistive tests

After the different thermal treatments, the stack-bond prisms were subjected to
piezoresistive tests for evaluation of the residual self-sensing response under uniaxial
compressive loading. An EMIC DL-60000 universal testing machine was used to apply three
load/unload cycles with a loading amplitude of approximately 0.3f,, followed by another
loading cycle with steps at about 0.1f,, 0.2f, and 0.3f,. These tests were carried out with a
loading rate of 0.5 MPa/s, based on the net area of the specimens.

The experimental setup used in the piezoresistive tests is represented in Figure 2a-c.
Clip-gauges (Figure 2a) were arranged with respect to the central axis of each self-sensing
area of the prisms to measure the vertical strain during the piezoresistive tests. Three circuits
were elaborated by connecting each self-sensing area to a specific reference resistor with
electrical resistance of 1000 Q2. An Arduino Mega 2560 R3 (Figure 2b) was used to apply a
+5 V square wave voltage signal (frequency of 6.0 Hz and duty cycle of 50%) to each circuit.
The NI compact DAQ-9178 chassis, two NI-9219 modules, and the LabVIEW software
(Figure 2b) were used to measure the voltage drops across each self-sensing area and
reference resistor at specific time instants recommended in previous works (Downey et al.,
2017b; Lima et al., 2021; Meoni et al., 2021a), i.e., 80% of the positive part of the periodic

signal. These measurements were used to determine the FCRs during the load/unload cycles.



329

Figure 2 - Testing methods: equipment used in electro-mechanical tests (a, b, ¢), location of self-sensing areas
(d), and equipment used in elastic modulus tests (e). Dimensions were provided in millimeters.

Mas.onry Mineral fiber Press (d)
prism board : :

EMIC clip-gauges

Arduino Mega || Data acquisition
2560 R3 system

EMIC clip-
gauges

Computer running B2 self- B1 self- J self- Masonry
LABVIEW sensing area || sensing area || sensing area prism

Source: Author (2024).

Mineral fiber boards (Figure 2¢) were placed on the top and bottom surfaces of the
masonry prism because conventional capping procedures were not recommended (plastic and
cementitious materials could affect the original characteristics of fire-damaged specimens)
and mechanical surface regularization was impracticable (the specimens were fragile after
the heating process), according to Medeiros et al. (2022).

GF values were calculated using the experimental data related to the linear stretch of
FCR vs longitudinal strain (&) curves. The formulation used for determination of the GF of

the B1, B2 and J self-sensing areas (Figure 2d) is presented in Equation (1):

AR Ap
FCR R
sziz_oz& (1)
& & &

where Ry and po are the initial electrical resistance and resistivity, respectively, and AR and
Ap are the changes in electrical resistance and resistivity due to the compression loading,

respectively.

9.2.4.2. Elastic modulus tests

Experimental tests for determination of the static elastic modulus of the masonry

prisms were carried out in the EMIC DL-60000 universal testing machine. Following the
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prescriptions of ABNT NBR 16868-3 (2020), the specimens were firstly subjected to two
load/unload cycles up to approximately 0.5f,, using the same loading rate applied in the
piezoresistive tests. Finally, the compressive load was increased to the same level, while clip-
gauges located at the lateral sides of the specimen (Figure 2e) measured its longitudinal
deformation.

The elastic modulus of the material was determined as the slope of the straight line
between the points with compressive stress equal to 0.05f, and 0.30f,. In addition, the relative
residual elastic modulus factor (i) of a specimen j was calculated using Equation (2):

E

8 2)

cm

Wc,j =

where E ;;is the residual elastic modulus of the fire-damaged specimen j and E,, is the
average elastic modulus of the reference specimens that were not exposed to high

temperatures.

9.2.4.3. Compressive strength tests

The masonry prisms were also subjected to a monotonic compressive loading process
in the EMIC DL-60000 universal testing machine. The loading rate was equal to 0.05 MPa/s.
Brief interruptions were eventually needed for inspection of rupture modes of the specimens.
To evaluate the damage-detection ability of the B1, B2 and J self-sensing areas, FCRs were
measured up to the material failure using the apparatus illustrated in Figure 2b-c.

The relative residual compressive strength factor (@) of a specimen j was determined
using Equation (3):

f ¢R,j

@, = hL 3)
; fcm

where f, . is the residual compressive strength of the fire-damaged specimen j and f,,, is

the average compressive strength of the reference specimens that were not exposed to high

temperatures.

9.2.4.4. Thermogravimetric analysis

To investigate the thermal decomposition of the conductive nanomaterials, a
thermogravimetric analysis (TGA) was conducted on CBN (initial mass of 10 mg) using a

DTG-60H thermogravimetric analyzer by Shimadzu. The heating rate was 10 °C/min and the
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maximum temperature was 900 °C. To investigate the thermal stability in normal conditions,

the TGA was developed in oxidizing atmosphere of dry air at a flow rate of 50 mL/min.

9.2.5. Statistical analysis

The values of compressive strength, elastic modulus and GF of all self-sensing areas
were subjected to Grubb’s tests for outlier detection, Shapiro-Wilk tests for assessment of
the normality of residuals, and Bartlett tests for homoscedasticity evaluation. After that, an
analysis of variance (ANOVA) was conducted, provided that its assumptions were met.
Tukey's tests were applied for the comparison of mean values. The significance level (o),
null hypotheses (Ho), and alternative hypotheses (Ha) of each statistical analysis can be found

in APPENDIX 9A.

9.3. RESULTS AND DISCUSSIONS

9.3.1. Residual compressive strength and elastic modulus

Figure 3a shows the values of average compressive strength and @, obtained in this
research. The values of average elastic modulus and y.,; were presented in Figure 3b. The
average values of compressive strength and elastic modulus were subjected to statistical
analyses (APPENDIX 9A) that confirmed the fulfillment of all ANOVA assumptions.
Consequently, Tukey's tests were deemed suitable for identifying any statistical distinctions
between the average values of mechanical properties. In Figure 3a and Figure 3b, bars sharing
an uppercase letter are not significantly different, according to the Tukey's test at a
significance level of 0.05.

Figure 3 shows that the exposure to 300 °C caused a small decrease in the compressive
strength (7.4%) and relevant reduction in the elastic modulus (44.5%) of the masonry prisms.
In fact, Figure 3a indicates that the Tukey’s tests provided the same uppercase letter (“A”)
for the REF and 300WR series, whereas Figure 3b shows different uppercase letters (“A”
and “BC”) for these series. The mechanical properties reductions are mainly associated with
the decomposition of some hydrates of the cementitious matrix of concrete blocks and mortar
joints. For example, previous research (Castellote et al., 2004; Li et al., 2020; Sikora et al.,
2018) reported that ettringite crystals are decomposed in the range of 60-150 °C. Calcium

silicate hydrates (C-S-H) undergo the loss of their bonded water and original structure at 100-
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300 °C, leading to the development of the first noticeable microcracks. In addition, gypsum
decomposition is observed in the range of 150-170 °C. Spalling of concrete surface layers
was not observed because dried specimens were tested in this research, mitigating the pore
vapor pressure inside the capillaries of the cementitious matrix.

Figure 3 - Compressive strength (a) and modulus of elasticity (b) of self-sensing masonry prisms exposed to

high temperature levels. Bars sharing the same uppercase letter are statistically equal, according to the
Tukey's test at a significance level of 0.05.
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The exposure to 600 °C caused significant percentage reductions in the compressive
strength (42.2%) and elastic modulus (81.5%) of the masonry prisms. Consequently, Figure
3a and Figure 3b indicate that the Tukey’s tests provided different uppercase letters for the
REF and 600WR series. According to previous studies (Li et al., 2020; Scrivener et al., 2016;
Sikora et al., 2018), the C-S-H phases also show water losses in the range of 300-600°C. In
addition, the calcium hydroxide (CH) dehydrates to CaO in the range of 400-500 °C. The
quartz phase transformation (573 °C) from a-quartz to B-quartz induces volume expansion,
thereby intensifying the propagation of microcracks through the aggregates, cement paste,

and interface transition zone (ITZ).
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In the present study, the impacts of rehydration methods on the mechanical properties
of fire-damaged masonry were investigated for the first time. The results indicated that the
rehydration process caused negligible changes in the mechanical properties of masonry
prisms exposed to 300 °C. According to the results of the Tukey’s tests presented in Figure
3a and Figure 3b, the 300WR and 300R series presented the same uppercase letters,
indicating statistical equality in average values at the 5% significance level. Two different
phenomena must be considered to elucidate this result. Firstly, the heat-damaged epoxy layer
caused a partial interruption in the passage of rehydration water to the interior of the self-
sensing regions and limited the formation of rehydration products, as previous papers
reported that exposure to temperatures of 90-200 °C increased the porosity of epoxy materials
(Wen et al., 2023) and damaged the integrity of these polymeric matrices (Altunisik et al.,
2023). Secondly, the specimens exposed to 300 °C had a limited extent of damage before the
rehydration process. The smaller size of thermal microcracks limits the penetration of water
during immersion. This restriction in water penetration hinders the formation of rehydration
products, potentially influencing the overall rehydration efficiency. Furthermore, the limited
space for formation of rehydration products may intensify the crystallization pressure from
the newly generated compounds, damaging the cementitious matrix when the tensile strength
is exceeded (Steiger, 2005a, 2005b; Wang et al., 2022).

The effects of rehydration methods were more significant in masonry prisms exposed
to 600 °C. Figure 3 shows that the rehydration of specimens exposed to 600 °C caused
percentage increases in the residual compressive strength and elastic modulus of 15.9% and
117.4%, respectively. According to Figure 3a, the Tukey’s tests provided the same uppercase
letter (“B”) for the 600WR and 600R series, whereas Figure 3b shows different uppercase
letters (“D” and “C”) for these series. The cementitious matrix of concrete blocks and mortar
joints exposed to 600 °C had greater microcracking. The higher the exposure temperature,
the larger the thermal-induced microcracks, facilitating the penetration of water within the
cementitious matrices during the rehydration process. Hence, the recovery of mechanical
properties can be attributed to reactions between dehydrated products and water, which is
responsible for reforming rehydration products like ettringite, C-S-H and CH (L1 et al., 2020;
Nalon et al., 2023; Suh et al., 2022; Suresh et al., 2022).

The residual strength and stiffness of concrete block prisms have been rarely
investigated in previous literature. Dupim (2019) and Leal et al. (2021) recently reported the

residual compressive strength of concrete block prisms exposed for 70 min to the ISO 834-1
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(1999) curve. Their prisms presented a compressive strength percentage reduction (86%)
significantly higher than those observed in the present work. This phenomenon can be
attributed to the more severe temperature levels reached by the shells and central web of the
concrete blocks during the fire simulation (approximately 400 °C and 900 °C, respectively).
Leal (2023) recently reported the residual compressive strength and elastic modulus of
concrte block prisms exposed to 200 °C, 400 °C, 600 °C and 800 °C. After 600 °C, the
compressive strength exhibited a maximum percentage reduction of 31%, a value lower than
that obtained in the present study (42.2%). The elastic modulus showed a maximum reduction
of 83%, a value slightly higher than that observed in the present investigation (81.5%). These
findings highlight a good agreement between the results of Leal (2023) and the results

obtained in this study.

9.3.2. Visual inspections

Figure 4 shows the surface of concrete blocks, surface of mortar joints, and epoxy-
covered surface of self-sensing areas (before compression tests) of all series of specimens.
Thermal cracks in the mortar joints of prisms from the 300WR and 600WR series were not
visible to the naked eye (Figure 4a). However, previous research (Schmidt et al., 2023)
reported that the mechanical properties of specimens of masonry mortars are significantly
affected by elevated temperatures. To explain this contrasting behavior, Leal (2023)
suggested that the minimal degradation of the mortar joints was likely associated with the
confinement effects imposed by the concrete blocks. The friction effects were responsible
for mitigating the free cracking of the mortar during the heating and cooling procedures,

thereby delaying the decline of the mechanical properties of the prisms.
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Figure 4 - Typical color of the surface of plain concrete blocks (a), surface of plain mortar joints (b) and
epoxy-covered surface of self-sensing areas (c) of all series of masonry prisms.
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Source: Author (2024).

Figure 4a also shows that thermal cracks were not visible to the naked eye in the mortar
joints of prisms of the 300R and 600R series. Despite this, the results of recent studies
(Fernandes Neto et al., 2022) revealed that the expansive mechanisms associated with the
rehydration of CaO induced progressive deterioration in specimens of cement-lime mortars.
The findings of the present research substantiate the proposition of Leal (2023) that the
minimal degradation of mortar joints is associated with the confinement effects imposed by
the concrete blocks. These friction effects also contributed to mitigating potential cracks that
could arise from expansive mechanisms associated with the rehydration of calcium oxide.

The heat exposure caused color changes in different materials. Figure 4a and Figure 4b
demonstrate that the color of both concrete blocks and mortar joints underwent a
transformation from gray to a light pink as the exposure temperature increased up to 600 °C.
Previous research (Fernandes et al., 2017; Short et al., 2001; Shumuye et al., 2021) also
reported that the color of siliceous aggregate concrete changed from normal to pink or red in
the range of 300-600 °C due to the presence of iron compounds in the aggregates, which
dehydrate or oxidize after exposure to high temperature levels.

The epoxy-based protection of the self-sensing areas was significantly affected by the
exposure to high temperatures, which tends to compromise their waterproof performance.

Figure 4c shows that the epoxy structural adhesive on the surface of the specimens appeared
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gray in the REF series and black in the 300WR and 300R series. Kalyani, Joshi and Patel
(2023) also observed that the color of epoxy adhesives changed from gray to black when they
were exposed to 300 °C. Figure 4c also shows that the epoxy-based insulation protection of
the self-sensing areas exhibited a white color in the 600WR and 600R series. A white color
was also verified in epoxy-based resins exposed to 400 °C and 500 °C by Kalyani, Joshi and
Patel (2023). These color changes are directly related to different phenomena. Firstly, the
glass transition temperature (7%) of epoxy resins ranges from 65 °C to 120 °C (Altunisik et
al., 2023; Banea et al., 2011; Carlos et al., 2018). In addition, previous studies (Boudefel and
Gonon, 2006; Buch and Shanahan, 2000; Rmili et al., 2014) reported that the thermal
decomposition of epoxy resins results from molecular chain scissions (thermolysis) and
chemical transformations related to the oxidation of resin compounds that leave the polymer
as volatiles.

Visual inspections were also conducted to verify the failure mechanisms of the self-
sensing masonry prisms. Figure 5 shows the rupture mode of specimens R1, R2 and R3 of
each series of the present experimental program. In these masonry prisms, the stiffness of the
mortar was lower than that of concrete blocks (Table 1 and Table 3). As a result, the joints
were laterally confined, inducing lateral tensile stresses in the blocks (Leal, 2023; Mohamad
et al., 2007; Nalon et al., 2022; Parsekian et al., 2012). The predominant rupture mode was
characterized primarily by vertical cracks that originated at the block-mortar interface when

the compressive stress reached approximately 80-90% of the specimen strength.

Figure 5 - Rupture mode of specimens R1, R2 and R3 of each series of self-sensing masonry prisms.
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Source: Author (2024).
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A similar failure mode was verified in prisms with 0.40 < fiu/fpne: < 0.90 that were not
exposed to high temperatures (AbdelRahman and Galal, 2020; Caldeira et al., 2020;
Kazempour et al., 2017; Mahamid and Westin, 2020; Martins et al., 2018; Nalon et al., 2020;
Thamboo and Dhanasekar, 2019; Zahra et al., 2021). According to previous works, elevated
temperatures cause relevant decreases on the compressive strength of both concrete blocks
and masonry mortars (Amaral et al., 2023; Fernandes Neto et al., 2022; Medeiros et al., 2023;
Schmidt et al., 2023). Due to the severe impact of elevated temperatures on both units and
joints, slight changes occur in the difference between their residual stiffness. Consequently,
previous studies have also observed that fire-damaged concrete block prisms experienced
failure through tensile block splitting, accompanied by eventual spalling of block portions

and mortar crushing (Dupim, 2019; Leal, 2023; Leal et al., 2021; G. H. Nalon et al., 2023).

9.3.3. Self-sensing behavior

This study introduces a pioneering exploration into the residual self-sensing behavior
of masonry prisms exposed to high temperatures. In all series of prisms, the self-sensing
regions B1, B2, and J demonstrated a piezoresistive response throughout the load/unload
cycles. The values of GF obtained from the FCR vs compressive strain curves are represented
in Figure 6. Statistical analyses indicated that the self-sensing properties varied significantly
with the maximum exposure temperature. Therefore, Tukey’s tests (5% significance level)

were carried out to compare the average GF values and identify the differences among them.
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Figure 6 - Gauge factor of B1 (a), B2 (b) and J (c) self-sensing areas of the masonry prisms. Bars sharing the
same uppercase letter are statistically equal, according to the Tukey's test at a significance level of 0.05.
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The exposure of the self-sensing prisms to 300 °C caused percentage increases in the
average GF of self-sensing areas B1l, B2 and J equal to 50.7%, 48.1% and 44.4%,
respectively. According to Figure 6, the Tukey’s tests provided distinct uppercase letters (“C”
and “AB”) for the REF and 300WR series. The results of the TGA of CBNs (Figure 7) show
that the nanoparticles are thermally stable after exposure to 300 °C because no mass loss was
verified in this temperature range. Consequently, the GF increases can be associated with
microcracks resulting from the thermal decomposition of various compounds in the
cementitious matrix, such as ettringite at 60-150 °C, C-S-H at 100-300 °C and gypsum at
150-170 °C (Castellote et al., 2004; Li et al., 2020; Sikora et al., 2018). The microcracks

interrupt some stretches of the conductive network, increase the amount of tunneling gaps
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and alter the tunneling resistance between nanomaterials, improving the piezoresistivity of

the material (Dong et al., 2020; Nalon et al., 2021).

Figure 7 - Results of thermogravimetric analysis (TGA) of the carbon black nanoparticles.
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In contrast, the exposure to 600 °C caused lower percentage increases in the average
GF of self-sensing areas B1, B2 and J (15.3%, 2.8% and 28.0%, respectively). The Tukey’s
test results of Figure 6 provided the uppercase letter “C” for the REF and 600WR series,
which indicates that they are not statistically different. The subsequent decrease in GF in the
temperature range of 300-600 °C can be related to a posterior reduction in tunneling
conduction mechanisms due to different factors. At first, the TGA results (Figure 7) show
that a small quantity of CBNs (constituting less than 15% of the total mass) that form the
conductive network can be decomposed through reactions with the oxygen available in the
pores of the cement sensors. Additionally, interruption of tunneling conduction mechanisms
can be attributed to the continued development of microcracks due to the dehydration of C-
S-H phases at 300-600°C, dehydroxylation of CH at 400-500 °C and expansive volumetric
changes associated with the phase transition of quartz at 573 °C (Li et al., 2020; Scrivener et
al., 2016; Sikora et al., 2018).

Figure 6 also shows that the rehydration process caused small increases in the GF of
masonry prisms exposed to 300 °C. According to the results of the Tukey’s tests, the 300WR
and 300R series presented the same uppercase letter “A” (statistically significant similarity
was observed at the 5% significance level). Changes in GF values are directly related to the
propagation or sealing of microcracks in the cementitious matrix (Nalon et al., 2023). Hence,
the marginal changes in GF resulting from the rehydration of masonry prisms exposed to

300 °C can be related to a modest rehydration efficiency. At first, the heat-damaged epoxy
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layer causes a partial interruption in the passage of rehydration water, as increased porosity
and damage occurred in epoxy materials exposed to temperatures of 90-200 °C (Altunisik et
al., 2023; Wen et al., 2023). In addition, the limited scale of thermal cracks in cementitious
matrices exposed to 300 °C hinders water penetration during the immersion process,
attenuates the formation of rehydration products and compromises the recovery of strength
and stiffness (Figure 3).

On the other hand, the rehydration process resulted in more significant changes in the
GF of masonry prisms exposed to 600 °C. According to Figure 6, the rehydration of
specimens exposed to 600 °C caused percentage increases in the GF of self-sensing areas B1,
B2 andJ of 15.2%, 39.0% and 28.8%, respectively. According to Figure 6a, the Tukey’s tests
provided the same uppercase letters (“BC”) for the 600WR and 600R series, whereas Figure
6b and Figure 6¢ show different uppercase letters (“A”, “B” or “C”) for these series. The
exposure to a higher temperature level (600 °C) led to the development of substantial thermal
microcracks, facilitating water penetration during the immersion process. Consequently,
rehydration products with nonconductive properties filled pores and sealed cracks in the
cementitious matrix, interrupting stretches of the CBN-based conductive network within the
composite. This interruption tends to enhance tunneling conduction mechanisms rather than
contact conduction, increasing the GF of the self-sensing material (Nalon et al., 2023).

To assess the damage-detection ability of the self-sensing prisms, FCRs were measured
during the plastic regime. Figure 8 presents the results obtained from the self-sensing areas
installed in the concrete blocks (B1 and B2), whereas Figure 9 shows the values measured in
the self-sensing area installed in the mortar joint (J). Regardless of the maximum exposure
temperature, the FCR vs compressive stress curves were characterized by significant declines
in FCR, eventually culminating in a phase of FCR stability followed by FCR increases. This
general trend aligns with the behavior documented in previous studies for self-sensing

composites that were not exposed to elevated temperatures (Han et al., 2015).
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Figure 8 - Values of fractional changes in electrical resistivity (FCRs) obtained from the self-sensing concrete
blocks (B1 and B2 self-sensing areas) of R1, R2 and R3 specimens tested under monotonic axial loading.

’ (a) REF (b) 300WR (c) 600WR (d) 300R (e) 600R
o BI-R1 A B2-Rl O BI-R1 A B2-RI o B1-R1 A B2-R1 o B1-R1 ~BI-R2 o0 B1-R1 A B2-R1
20 | BI1-R2 B2-R2 BI-R2 B2-R2 BI1-R2 B2-R2 2 B2-R1 = B2-R2 B1-R2 B2-R2
- 0 B1-R3 ¢ B2-R3 0 B1-R3 ¢ B2-R3 0 B1-R3 ¢ B2-R3 - B2-R3 ° BI-R3 0 B1-R3 ¢ B2-R3
S -15
& 10
4
-5 p
am—
0 L L L L LL

0 S5 -10 -150 -5 -10 -150 5 -10 -150 S5 -10 -150 -5 -10 -15
Net area compressive ~ Net area compressive ~ Net area compressive Net area compressive  Net area compressive
stress (MPa) stress (MPa) stress (MPa) stress (MPa) stress (MPa)

Source: Author (2024).

Figure 9 - Values of fractional changes in electrical resistivity (FCRs) obtained from the self-sensing mortar
joints (J self-sensing area) of R1, R2 and R3 specimens tested under monotonic axial loading.
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The FCR decreases presented in the first part of the curves of Figure 8 and Figure 9
can be attributed to decreases in the distance between CBNs due to the increased compressive
loading, which improves tunneling mechanisms and decreases the electrical resistivity of the
material (Bekzhanova et al., 2021; Dinesh et al., 2023; Vlachakis et al., 2020). The
equilibrium phase of the curves can be associated with the emergence of intense
microcracking in the self-sensing areas. The evolution of damage tends to cause an increase
in the electrical resistivity because cracks are non-conducting spaces that interrupt the
conductive network between neighboring conductive admixtures (Downey et al., 2018b,
2017a; Filippo Ubertini et al., 2017). The gradual propagation of cracks through the blocks
and mortar joints caused notable decreases in electrical conductivity, eventually leading to

FCR increases at the end of the FCR vs stress curves.
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Stages of balance and abrupt increases in FCR of the B1, B2 and J self-sensing areas
can offer a predictive insight into the development of cracks in the concrete blocks and mortar
joints. Since the FCR measurements are associated with damage evolution, they can be used
for the real-time localization and quantification of damage, acting as effective approaches to

anticipate the evolution of failure mechanisms in fire-damaged masonry elements.

9.4. CONCLUSIONS

The present research aimed to explore the mechanical and self-sensing performance of
masonry prisms exposed to different levels of elevated temperatures, with or without
subsequent rehydration. The following conclusions derived from the present work:

(1) Exposure to 300 °C led to a slight decrease (7.4%) in compressive strength and a
significant reduction (44.5%) in the elastic modulus of concrete masonry prisms,
primarily associated with the decomposition of hydrates in the cementitious matrix.
Rehydration methods had negligible effects on these specimens due to limited
damage extent and constrained water penetration.

(2) Exposure to 600 °C resulted in substantial reductions in compressive strength
(42.2%) and elastic modulus (81.5%) of concrete masonry prisms, reflecting the
severe propagation of microcracks. Rehydration of these specimens led to relevant
increases of compressive strength (15.9%) and elastic modulus (117.4%) due to the
sealing of some microcracks with rehydration products.

(3) Visual inspections revealed that thermal cracks were not apparent in the joints of
the prisms, before or after rehydration. The absence of visible cracks is probably
related to the confining effects of concrete blocks on the mortar joints.

(4) Regardless of the maximum exposure temperature, the predominant rupture mode
of concrete masonry prisms was characterized by vertical cracks originating at the
block-mortar interface.

(5) Significant GF increases were observed after exposure to 300 °C, which can be
attributed to the thermal decomposition of matrix compounds. When prisms
exposed to 300 °C were rehydrated, marginal changes in GF were observed. This
phenomenon can be attributed to the limited efficiency of the rehydration process,

which was hindered by the restricted scale of microcracks.
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(6) Exposure to 600 °C caused small percentage increases in GF, which can be
associated with a minor oxidation of CBNs and increased microcrack development.
When prisms exposed to 600 °C were rehydrated, the abundance of microcracks
facilitated water penetration, leading to the formation of nonconductive rehydration
products that tended to seal the microcracks, enhancing tunneling conduction
mechanisms and increasing the GF of the self-sensing materials.

(7) The self-sensing materials enabled a real-time damage localization and
quantification in the blocks and joints of fire-damaged masonry elements. Stages
of balance followed by FCR increases during the monotonic compressive loading
tests offered predictive insights into the propagation of damage.

The epoxy-based protection of the self-sensing areas exhibited high vulnerability to
exposure to high temperatures, potentially compromising their waterproof performance.
Therefore, future studies are recommended to explore alternative materials for waterproofing
protection of self-sensing composites to ensure sustained functionality in extreme conditions.
In addition, further research is required to investigate the effects of various rehydration

methods on the mechanical and self-sensing properties of fire-damaged prisms.
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APPENDIX 9A: RESULTS OF STATISTICAL ANALYSES

9A.1. GRUBB’S TEST FOR OUTLIER DETECTION

The experimental results were subjected to the Grubb’s test for outlier detection.

9A.1.1. Hypothesis and significance level

» Null hypothesis (Ho): all values belong to the same population.
» Alternative hypothesis (Ha): the smallest or largest value represents an outlier.

» Significance level (a): 0.050.

9A.1.2. Results of the statistical tests

Table A.1, Table A.2, Table A.3, Table A.4 and Table A.5 show Grubb’s test results.

Table A.1 - Results of Grubb’s test for results of net area compressive strength.

Average net area

Series compressive strength Standard deviation =~ Minimum  Maximum Grubl')'s.test P-value
(MPa) (MPa) (MPa) (MPa) statistic

REF 12.42 1.23 11.32 13.75 1.08 0.685

300WR 11.50 0.63 11.03 12.21 1.13 0.356

600WR 7.18 0.24 6.95 7.42 1.03 0.881

300R 10.84 0.53 10.25 11.25 1.13 0.405

600R 8.32 0.30 8.12 8.66 1.15 0.197

Source: Author (2024).

Table A.2 - Results of Grubb’s test for results of net area elastic modulus.

Average modulus of  Standard deviation =~ Minimum  Maximum Grubb's test

Series elasticity (GPa) (GPa) (GPa) (GPa) statistic P-value
REF 13.33 1.72 12.10 15.30 1.14 0.278
300WR 7.40 0.70 6.70 8.10 1.00 1.000
600WR 2.47 0.15 2.30 2.60 1.09 0.637
300R 8.87 0.93 8.10 9.90 .11 0.520
600R 5.37 0.75 4.60 6.10 1.02 0.927
Source: Author (2024).
Table A.3 - Results of Grubb’s test for results of GF of the B1 self-sensing area.
Series Average Gl.: of the Standard deviation Minimum  Maximum Grubl? s.test P-value
Blself-sensing area statistic
REF 272.7 35.6 233 302 1.11 0.515
300WR 411.0 43.7 361 442 1.14 0.263
600WR 3143 43.1 265 345 1.14 0.266
300R 521.7 56.9 475 585 1.11 0.510
600R 362.0 51.6 321 420 1.12 0.448

Source: Author (2024).
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Table A.4 - Results of Grubb’s test for results of GF of the B2 self-sensing area.

Series Average GE of the B2 Standard deviation =~ Minimum  Maximum Grubt? s test P-value
self-sensing area statistic
REF 268.7 21.2 246 288 1.07 0.739
300WR 398.0 42.3 351 433 1.11 0.526
600WR 276.3 34.0 251 315 1.14 0.339
300R 498.0 28.8 466 522 1.11 0.537
600R 384.0 59.1 345 452 1.15 0.162
Source: Author (2024).
Table A.5 - Results of Grubb’s test for results of GF of the J self-sensing area.
Series Average G.F of the J self- Stapdgrd Minimum Maximum Grubl?'s.test P-value
sensing area deviation statistic
REF 450.3 50.2 398 498 1.04 0.846
300WR 650.3 38.9 615 692 1.07 0.730
600WR 576.3 49.6 523 621 1.08 0.710
300R 769.7 56.4 722 832 1.10 0.567
600R 742.3 45.7 702 792 1.09 0.661

Source: Author (2024).

9A.1.3. Conclusions of the statistical tests

A P-value exceeding 0.050 was noted in all series. Consequently, the null hypothesis

(Ho) was not refuted, signifying the absence of outliers in the experimental dataset.

9A.2. SHAPIRO-WILK TEST OF NORMALITY

The experimental results of masonry prisms also underwent the Shapiro-Wilk test to
assess the normality of residuals, an essential assumption for the development of an analysis
of variance (ANOVA).

9A.2.1. Hypothesis and significance level

» Null hypothesis (Ho): the residuals exhibit a normal distribution.
» Alternative hypothesis (Ha): the residuals do not exhibit a normal distribution.

» Significance level (a): 0.050.

9A.2.2. Results of the statistical tests

The results obtained from the Shapiro-Wilk’s tests are listed in Table A.6.
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Table A.6 — Results of Shapiro-Wilk’s tests.

Response variable Shapiro-Wilk's test statistic P-value
Compressive strength 0.965 0.773
Modulus of elasticity 0.939 0.368

GF of the B1 self-sensing area 0.905 0.114
GF of the B2 self-sensing area 0.958 0.650
GF of the J self-sensing area 0.908 0.124

Source: Author (2024).

9A.2.3. Conclusions of the statistical tests

The tests provided P-values higher than 0.050 (Ho was not rejected), which confirms

that the residuals exhibited a normal distribution.

9A.3. BARTLETT TEST OF HOMOSCEDASTICITY

The experimental results underwent the Bartlett’s test for detection of

homoscedasticity, which is another ANOV A assumption.

9A.3.1. Hypothesis and significance level

» Null hypothesis (Ho): all population variances are equal.
» Alternative hypothesis (Ha): at least two population variances are different.

» Significance level (a): 0.050.

9A.3.2. Results of the statistical tests

The results obtained from the Bartlett’s tests are summarized in Table A.7.

Table A.7 - Results of Bartlett’s tests.

Response variable Bartlett's K-squared P-value
Compressive strength 5.506 0.239
Modulus of elasticity 6.680 0.154

GF of the B1 self-sensing area 0.423 0.981
GF of the B2 self-sensing area 1.963 0.743
GF of the J self-sensing area 0.242 0.993

Source: Author (2024).
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9A.3.3. Conclusions of the statistical tests

The tests provided P-values higher than 0.050 (Ho was not rejected), which confirms

that homoscedasticity was observed in the obtained data.

9A.4. ANALYSIS OF VARIANCE (ANOVA)

ANOVAs were carried out to compare the average values obtained from the

experimental tests of masonry prisms.

9A.4.1. Hypothesis and significance level

» Null hypothesis (Ho): average values are equal.
» Alternative hypothesis (Ha): at least one average is different.

» Significance level (a): 0.050.

9A.4.2. Results of the statistical tests

ANOVA results were presented in Table A.8, Table A.9, Table A.10, Table A.11 and
Table A.12.

Table A.8 - ANOVA results for the compressive strength dataset.

Degrees of Sum of Mean F test
Source L P-value
freedom squares Square statistics
Treatments 4 58.74 14.68 31.57 1.2x 103
Residuals 10 4.65 0.47 - -
Total 14 63.39 - - -

Source: Author (2024).

Table A.9 - ANOVA results for the modulus of elasticity dataset.

Degrees of ~ Sum of Mean F test

Source . P-value
freedom squares Square statistics

Treatments 4 197.4 49.3 50.32 1.4 x 10

Residuals 10 9.81 0.98 - -

Total 14 207.2 - - -

Source: Author (2024).
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Table A.10 - ANOVA results for the GF of the B1 self-sensing area.

Degrees of ~ Sum of Mean F test

Source freedom squares Square statistics P-value
Treatments 4 111359 27840 12.72 6.2 x 10*
Residuals 10 21886 2189 - -
Total 14 133245 - - -

Source: Author (2024).

Table A.11 - ANOVA results for the GF of the B2 self-sensing area.

Degrees of ~ Sum of Mean F test
Source . P-value

freedom squares Square statistic
Treatments 4 108843 27211 17.62 1.6 x 10*
Residuals 10 15441 1544 - -
Total 14 124284 - - -

Source: Author (2024).
Table A.12 - ANOVA results for the J self-sensing area.
Degrees of  Sum of Mean F test

Source . P-value

freedom squares Square statistics
Treatments 4 202185 50546 21.49 6.7 x 107
Residuals 10 23525 2353 - -
Total 14 225710 - - -

Source: Author (2024).

9A.4.3. Conclusions of the statistical tests

P-values were always lower than 0.05 (Ho was rejected), which means that the average
values were not statistically equal. Tukey's tests were also carried out to identify the averages
that are statistically different from the others. The graphs presented in the main text indicate

the Tukey's tests results.
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1 O CONCLUSIONS AND FUTURE DIRECTIONS

10.1. CONCLUDING REMARKS

This thesis presented the design and testing of multifunctional concrete blocks and
mortar joints with abilities to self-monitor strain/stress and self-detect damage in masonry
prisms, both before and after exposure to elevated temperatures. This research has not only
advanced the current understanding of masonry mechanical behavior, but also provided
practical insights into the application of self-sensing materials in the fields of Structural
Health Monitoring (SHM) and fire resistance of masonry structures.

This research has addressed pivotal social, economic and environmental concerns,
contributing to increasing resistance and sustainability in the built environment. From a
social perspective, the SHM technology developed herein significantly contributes to
ensuring structural safety in buildings and urban infrastructures. On a technical-economic
front, the self-sensing masonry components introduced in this study exhibit distinct
advantages over traditional SHM systems, such as lower costs and enhanced values of gauge
factor (GF), strength, stiffness and durability. The environmental merits of these self-sensing
masonry components lie in the use of their electrical output for applying eco-friendly
approaches in the maintenance and rehabilitation of masonry structures, before or after
exposure to high temperatures. The dataset provided by the self-sensing masonry components
can decrease the necessity for demolition and construction practices that would contribute to
environmental degradation through resource consumption, energy use and waste generation.

Part I of this thesis comprised a literature review on the compressive behavior of
masonry prisms, before and after exposure to elevated temperatures. This literature review
elucidated the current state of knowledge on this scientific field and provided the
identification of areas that merit additional investigation. The literature review presented in
Chapter 2 evidenced the complexity of the compressive behavior of masonry prisms
constructed with traditional and innovative components, revealing the intricate effects of
different variables on the strength and stiffness of ungrouted and grouted prisms. This review

also discussed case scenarios that have been neglected or not adequately addressed by current



360

masonry design codes. Emerging technologies used in minor-destructive and non-destructive
tests of masonry prisms were also revised.

Chapter 3 presented a literature review focused on the post-fire performance of
masonry prisms constructed with various types of components and subjected to different fire
tests. Recommendations for enhancing masonry design codes have been proposed,
considering the interdependence of variables affecting the post-fire behavior. The revised
content revealed that high temperatures have induced notable changes in the failure mode of
clay and calcium silicate masonry prisms, which was mainly related to the thermal
degradation of the mortar joints. Less apparent effects were observed in the failure mode of
concrete block prisms. The content revised also evidenced the superior fire resistance of clay
and calcium silicate prisms compared to concrete block prisms. A good agreement between
strength results of prisms and small walls suggested the practical relevance of prisms as
simple yet insightful specimens for assessing the residual strength of fire-damaged masonry.

The literature review presented in Part I laid a solid foundation for designing the
experimental programs of the other parts. They also provided a theoretical framework that
guided the discussion of the mechanical behavior of the self-sensing masonry prisms tested
in Part III and the evaluation of the masonry behavior after exposure to high temperatures
presented in Part IV of this thesis.

In Part II, experimental investigations were developed to address crucial gaps related
to the design and implementation of masonry components with self-sensing properties. At
first, Chapter 4 focused on the design of self-sensing laying mortars, based on the
investigation of the effects of the inclusion of different contents of lime on the electrical
resistivity, microstructure, self-sensing properties and compressive strength of mortars
containing carbon black nanoparticles (CBNs). A suitable self-sensing response was
observed in cement-lime mortars with 6% or 9% of CBN (by weight of binders). The
incorporation of lime in composites designed at the end of the percolation zone enhanced
their GF and stress sensitivity (SS). In composites designed at the beginning of the
percolation zone, the addition of lime reduced the GF and negligibly affected the SS of the
material. The compressive strength of the mortars reduced with increases in the contents of
lime or CBN.

The design of self-sensing masonry units and strategies for their practical application
in the SHM of masonry structures were discussed in Chapter 5. Experimental studies revealed

a significant influence of interface bond agents on the adhesion between cementitious sensors
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and concrete units, with epoxy-based structural adhesive (ESA) demonstrating the most
effective bonding performance. To prevent adverse effects related to the loss of contact
between electrodes and the self-sensing cementitious matrix, the results indicated that
electrodes should not be oriented in the same direction as the maximum tensile stresses. The
results also evidenced that the methodology used for the installation of self-sensing
cementitious materials can impact their strain-sensing response. The best performance was
observed when hardened cementitious sensors were embedded into fresh concrete mixture
(HS/FC method). Improper stress transfer was noted when hardened cementitious sensors
were embedded into hardened concrete bricks (HS/HC method). In addition, shrinkage
control was found to be essential to prevent electrode debonding when fresh self-sensing
matrices were molded on hardened concrete substrates (FS/HC method).

Since the FS/HC method could be an effective strategy for monitoring new and existing
masonry structures, the experimental research presented in Chapter 6 was developed to
evaluate the potential application of different admixtures for ensuring appropriate shrinkage
control for self-sensing materials embedded into concrete units or mortar joints. A shrinkage-
reducing admixture (SRA) effectively provided reductions in the maximum shrinkage of self-
sensing mortars. A calcium oxide-based expansive agent (CaO-based EA) and a calcium
sulfoaluminate-based expansive agent (CSA-based EA) induced an expansive behavior. All
admixtures caused electrical resistivity increases and improved the GF of the self-sensing
mortars. Microstructural analyses revealed that calcium hydroxide and ettringite derived
from the EAs interrupted conductive paths inside the cementitious matrix, enhancing
tunneling conduction mechanisms and improving the sensing performance of the composites.

In Part III, the mechanical and self-sensing performance of masonry elements
containing self-sensing units and joints were examined, before exposure to elevated
temperatures. Chapter 7 presented a validation study based on piezoresistive and
compression tests of self-sensing masonry prisms, considering different factors that affect
the masonry compressive behavior revised in Chapter 2 (e.g., relative strength between units
and mortar, type of unit, mortar bedding approach, bonding arrangement and joint thickness).
The self-sensing mortar joints of the masonry prisms were produced using the lime/cement
ratios studied in Chapter 4. Concrete units were produced using the ESA bond agent and the
FS/HC installation method studied in Chapter 5. A CaO-based EA was used for shrinkage
control of self-sensing mortars embedded into units and joints, following recommendations

presented in Chapter 6.
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The experimental results demonstrated the promising use of CBN-based cementitious
materials embedded into different regions of masonry prisms (e.g., front side of solid bricks,
face shells of hollow concrete blocks, horizontal or vertical mortar joints) for self-monitoring
of strain and self-detection of damage in structural masonry elements. Statistical analyses
indicated that the embedded self-sensing regions did not significantly impact the compressive
strength, modulus of elasticity, or failure mode of masonry prisms. Variations in unit type,
bedding approach, bonding arrangement, relative strength between mortar and units, joint
thickness and location of self-sensing regions did not lead to statistically significant changes
in the GF of cementitious sensors embedded into the masonry units. However, the GF of
horizontal and vertical self-sensing joints was statistically influenced by these variations.
These discrepancies were elucidated based on the influence of various triaxial stress/strain
states on the electrical output of the self-sensing masonry components. Assessments of their
intrinsic ability to detect damage offered new insights into the potential connection between
the FCRs measured during the plastic regime and different masonry failure mechanisms, such
as transverse block splitting, crushing of units, or pore collapse of mortar joints.

Part IV focused on the evaluation of the effects of high temperatures on the residual
mechanical and self-sensing behavior of masonry elements produced with self-sensing units
and joints. In Chapter 8, some preliminary analyses were undertaken to study the temperature
distribution in masonry materials subjected to different boundary conditions that affected the
air circulation within the voids of the specimens. The time needed for temperature
homogenization was determined for some predefined test conditions, including those applied
in the heating procedures used in the experimental campaign reported in Chapter 9.

An additional validation study was presented in Chapter 9 for analysis of the influence
of elevated temperatures on the compressive strength, elastic modulus and self-sensing
properties of masonry prisms that exhibited appropriate functionality in Part III. Considering
the discussions presented in Chapter 3, the impacts of different maximum exposure
temperatures and post-fire rehydration procedures were investigated. Masonry prisms
exposed to 300 °C presented a slight decrease in compressive strength and a significant
reduction in elastic modulus. In these specimens, the rehydration procedures had minimal
effects due to limited damage and constrained water penetration. In contrast, exposure to
600 °C caused substantial reductions in compressive strength and elastic modulus due to
relevant microcrack propagation. In these specimens, the rehydration methods caused notable

recovery of strength and stiffness. Regardless of the maximum temperature, the predominant
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rupture mode involved vertical cracks initiated at the block-mortar interface. The self-sensing
areas of the masonry prisms presented relevant increases in GF after exposure to 300 °C. On
the other hand, exposure to 600 °C caused small GF increases. The rehydration procedures
led to interruptions in the conductive network due to the formation of nonconductive
rehydration products, enhancing tunneling conduction mechanisms and increasing the GF of
the masonry prisms. The electrical response of fire-damaged masonry prisms subjected to
monotonic compression tests enabled the damage localization and quantification. Stages of
balance followed by increases in FCR offered predictive insights into the development of

masonry failure mechanisms.

10.2. RECOMMENDATIONS FOR FUTURE RESEARCH

The insights provided in this thesis offer valuable perspectives that can serve as a basis
for guiding future research. For example, the following suggestions for future studies can be
derived from the findings presented in the present research:

(1) This thesis presented the self-sensing performance of normal-strength concrete
units and cement-lime mortars produced with CBNs, leaving a gap in the
understanding of the piezoresistive response of other types of masonry
components (e.g., high-strength units, lightweight units, polymer adhesive
mortars, preblended mortars, eco-efficient masonry components) containing
different types of conductive admixtures (e.g., carbon nanotubes, carbon fibers,
steel fibers, graphene, graphite).

(2) The long-term performance of self-sensing masonry components was not
evaluated in the present work. Future research is recommended to investigate
aging effects on the self-sensing properties of smart masonry components, in
order to assess the robustness and stability of the electrical response over
extended periods and ensure reliability in real-world applications.

(3) The scope of the present research was limited to the design and evaluation of
self-sensing units and mortar joints for SHM of masonry structures. Future
research is recommended to investigate how different smart structural elements
(e.g., reinforced concrete beams, columns, slabs) retain self-sensing abilities after

fire conditions, extending the applicability of the findings.
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(4) The effects of different types of interface bond agent on the electrical response
of self-sensing materials embedded into masonry elements were reported. To
complement these findings, future investigations should delve into the effects of
different surface treatments (e.g., grinding, abrasive blasting, mechanical
milling) on the bonding behavior between cementitious sensors and concrete
substrates, along with their consequent influence on different self-sensing
properties.

(5) The impacts of cement/aggregate ratio and water/cement ratio on the shrinkage
behavior of self-sensing masonry components were not evaluated in the present
thesis. Consequently, future research is suggested to investigate the influence of
different proportions of raw materials on the shrinkage behavior of self-sensing
cementitious materials. This exploration is crucial for the practical application of
fresh cementitious sensors on existing buildings requiring SHM.

(6) The effects of including hydrated lime or shrinkage-control admixtures on tunnel
effect theory-based piezoresistivity models were not investigated in the present
work. Therefore, future studies are needed to elaborate and test theoretical
models that can describe the self-sensing response of masonry components
containing these types of admixtures.

(7) Although the present thesis documented the self-sensing response of masonry
units and mortar joints, it did not apply theoretical piezoresistivity models to
explain the electrical response of the smart materials. Consequently, future
investigations should use the experimental dataset obtained in this research to
support the development of theoretical piezoresistivity models that elucidate the
electro-mechanical behavior of self-sensing masonry components under various
states of multi-axial strain and stress.

(8) The numerical simulations developed in this thesis focused on evaluating the
effects of convection mechanisms inside masonry prisms exposed to high
temperatures. The time required for temperature homogenization was determined
for specimens subjected to some specific predefined test conditions. Then,
comprehensive parametric analyses are recommended to offer a more nuanced
understanding of the effects of different boundary conditions on temperature

distribution. This includes considerations of various heating scenarios, masonry
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components with different properties and geometries, application of different
types of coating systems, etc.

(9) The ESA interface used for construction of the self-sensing areas of the masonry
prisms demonstrated high vulnerability to exposure to high temperatures,
potentially compromising the waterproof performance of the smart composites.
This limitation suggests a need for alternative materials that can provide effective
bonding and waterproofing protection during extreme conditions. Identifying
materials that not only offer robust resistance to high temperatures but also
sustain waterproof integrity poses a significant challenge.

(10) Partial thermal oxidation of CBNs was observed in self-sensing masonry
components exposed to 600 °C. Future research efforts should focus on the design
and testing of self-sensing masonry containing conductive admixtures with
higher thermal stability. Exploring new materials becomes essential to mitigate
substantial thermal decomposition of the conductive network after exposure to
temperatures exceeding 600 °C.

(11) The experimental program developed in this thesis reported the use of specific
dosages of CBNs to construct the conductive network inside masonry
components. Future studies are recommended to identify the most suitable type
and concentration of conductive admixtures, ensuring an optimization of the
residual mechanical and self-sensing properties of masonry prisms, before and
after exposure to fire conditions.

(12) Compressive loading was not applied to the masonry prisms during the exposure
to high temperatures. This limitation suggests a need for research that
investigates the residual mechanical and electrical properties of self-sensing
masonry elements subjected to thermomechanical tests. Future research should
comprehensively evaluate how the combined effects of exposure to high
temperatures and mechanical loading impact the residual mechanical and self-
sensing behavior of the masonry prisms.

(13) This thesis focused on the self-sensing ability of nanomodified cementitious
matrices to detect the effects of rehydration on the recovery of strength and
stiffness of fire-damaged masonry prisms. Future research is recommended to

evaluate the efficiency of these self-sensing materials for monitoring the damage
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recovery of masonry elements subjected to various rehabilitation techniques after
fire exposure.

(14) The present study reported the effects of some specific rehydration steps on the
mechanical and self-sensing properties of fire-damaged prisms. Future works
should be developed to evaluate the effectiveness of different rehydration periods
on the overall performance of self-sensing masonry exposed to high

temperatures.



