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1 | INTRODUCTION

The most widely accepted interpretation of the term
“Smart Structure” in the current scientific literature is
“the ability of structural members to sense, diagnose, and
actuate in order to perform their functions.”* While the
embedment of conventional actuators is still mostly
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Abstract

Fully embedded and spatially diffuse sensors are central to the advancement of
civil and construction engineering. Indeed, they serve as an enabling technology
necessary for addressing the current challenges associated with through-life man-
agement and structural health monitoring of existing structures and infrastruc-
tures. The need to identify structural issues early on has driven the integration of
such embedded sensing capabilities into construction materials, turning passive
structures into proactive, self-aware “entities,” commonly referred to as Smart
Structures. The economic rationale behind this endeavor is underscored by the
vital significance of continuous monitoring, which enables prompt anomaly
assessment and thus mitigates the risks of potential structural failures. This is par-
ticularly relevant for road and rail infrastructures, as they represent a substantial
and enduring investment for any nation. Given that a large majority of these large
infrastructures are composed of concrete and reinforced concrete, both academics
and construction companies are continuously researching micro- and nano-
engineered self-sensing solutions specifically tailored for this building material.
This comprehensive review paper reports the latest advances in the field of self-
sensing concrete as of 2024, with an emphasis on intrinsic self-sensing concrete,
that is, electrically conductive functional fillers. A critical analysis and a discussion
of the findings are provided. Based on the perceived existing gaps and demands
from the industry, the field's future perspectives are also briefly outlined.

KEYWORDS
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limited to aerospace and mechanical engineering applica-
tions to metallic or alloy structures,? this research field has
rapidly expanded to civil engineering in the last decade, in
terms of self-sensing building materials. Hence, fully
embedded and diffused sensors are a key enabling technol-
ogy for this next generation of buildings, bridges, tunnels,
and other kinds of civil structures and infrastructures.
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Due to the perceived potential of this framework,
applications to self-sensing asphalt pavements® > and clay
bricks®” have been proposed for a variety of tasks, from
embedded weigh-in-motion® to strain monitoring.”"’
Thanks to integrated sensing capabilities, these and other
common construction materials can be enhanced to
become part of the so-called “Smart Materials.”'! In this
review study, the focus will be on conventional concrete
and reinforced concrete (RC) as well as derived materials
such as steel-fiber-RCs'? and ultra-high-performance con-
crete (UHPC), also known as ultra-high strength concrete
(UHSC)." Eventually, all these embedded sensing capabil-
ities are intended to address issues such as the assessment
of concrete durability'* and corrosion monitoring.'>'°

This gradual transition from traditional construction
and monitoring methods to new integrated solutions is
made possible by new advancements in sensor technology
and materials. The motivations behind this trend stem
from the ever-rising interest in structural health monitor-
ing (SHM'), that is, the use of sensed physical
properties—mainly linked to the vibrational response of
the target system—to assess the damage occurrence and
growth inside the material via vibration-based diagno-
sis."®'? In this regard, civil infrastructure is one of the most
expensive investments a country can make. These struc-
tures have a long service life and thus require prolonged
and constant maintenance, which in turn necessitates a
significant amount of time and resources. Nowadays,
destructive or nondestructive test (NDT) procedures are
most commonly employed to evaluate a structure's condi-
tion. Yet, NDT approaches include taking complex and
expensive instrumentation and tools to periodically per-
form on-site inspections. The fact that present techniques’
tests only provide local information about a small portion
of the entire structure, most often limited to the outermost
layers, rather than its global and/or interior integrity, is
another issue. Conversely, the goal of SHM is to provide
an automated system for permanent and continuous
damage detection, assessment, and diagnosis, by reduc-
ing the need for manned maintenance—and thus, labor
costs—while increasing the chance of detecting signifi-
cant damage in load-bearing elements.”® In this frame-
work, SHM and Smart Structures can be considered in
the optics of Internet of Things (IoT) technology integra-
tion as well.*!

In these terms, it is not uncommon to refer to current
SHM hardware apparatuses as “embedded systems”; nev-
ertheless, the term is often used (potentially improperly)
as a synonym for “permanently installed” networks of
surface-mounted, physically attached sensors. Instead, by
providing a permanent, unmovable, and continuous sens-
ing solution, actual construction material-embedded sen-
sors are the natural evolution of the SHM concept. From
all these considerations arises the significance of

integrating sensors (of various kinds) inside concrete and
RC. Another major advantage would be the possibility to
potentially monitor any geometric point of the RC struc-
ture, wherever concrete is cast, indepentently of its acces-
sibility after construction.

1.1 | Paper organization, objectives, and
research method

1.1.1 | Objectives and paper organization
Having outlined the relevance of the topic, the objective of
this study is threefold: to review the current state-of-the-art,
to identify and address existing issues, and finally to com-
pare and evaluate the applicability of current self-sensing
concrete (SSC) technologies. The organization of the paper
follows this logical flow: after some essential recalls on the
fundamental aspects of Smart Structures (Section 2), recent
advances in sensors, dispersion methods, and data acquisi-
tion technologies are presented and commented upon in
Section 3 (regarding laboratory-tested applications) and
Section 4 (regarding field applications). Based on this criti-
cal review of the literature, key considerations regarding
the main parameters for functional and efficient Smart
Concrete solutions are highlighted in Section 5. Conversely,
challenges, research gaps, and technical limitations of SSC
“as-is” and its application in the industry are studied in
Section 6. This helps to contribute toward academic and
industrial research areas that require further exploration.
The Conclusions (Section 7) end this work.

1.1.2 | Research methodology

The following search engines were used: Google Scholar,
Scopus, and Web of Science. The keywords included:
“Self-sensing concrete,” “Nano-engineered concrete,”
“Embedded Sensors,” “Carbon Nanotubes (CNTs),”
“Smart concrete,” and “Carbon-nanotubes based compos-
ite.” To widen the research, more general keywords such
as “Nanotechnology,” “Civil Engineering”, “Fiber-optic
Sensors”, “Piezoresistive Sensors”, “Electrical Impedance
Tomography”, “EIT”, and others were added to the previ-
ous list. The temporal limitation was set between 1995
and 2024, thus covering both the recent developments as
well as historic ones in the last 30 years. However, more
emphasis were put on the last 5 years, as pre-2020 works
were partially covered by Reference 22, which aimed
more specifically at carbon nanofibers (CNFs) and nano-
tubes and thus more circumscribed in its discussion. This
resulted in more than 360 peer-reviewed works; these
were then selected based on their title and abstract,
reaching a final selection of slightly more than 130 papers
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deemed of major interest and discussed in this text. The
majority of this work covers the topic of intrinsically self-
sensing concretes (ISSC), while a minority of them dis-
cusses non-intrinsically alternatives (these two terms will
be better introduced in Section 2.1). Other works on
related topics have been added as well to provide the
needed context, reaching the definitive form of the pro-
vided reference list. As a potential publication bias, it
must be stated that this research was limited to published
and peer-reviewed documents. Preprints were not consid-
ered. Thus, there might be some latest, ongoing, or
unpublished research which might not be included.

1.1.3 | Eligibility criteria

This review focused primarily, but not exclusively, on
experimental studies. Numerical simulation studies pre-
dicting the conductivity or resistivity of SSC were evalu-
ated on a case-by-case basis but mostly excluded to
maintain an emphasis on empirical evidence. Numerical
models based on parameters like fiber length and thick-
ness to simulate self-sensing behavior were not consid-
ered. Similarly, purely theoretical studies based on
hypotheses are largely omitted. Again, this is intended to
preserve the focus on the applicability of SSC.

2 | FUNDAMENTALS OF SMART
STRUCTURES

To provide the readers with the needed background, a
few important concepts are recalled in this section.

2.1 | Intrinsic and non-intrinsic self-
sensing concrete

First of all, it is important to highlight that SSC encom-
passes two main groups: ISSC and non-intrinsic self-
sensing concrete (NISSC). Basically, the difference lies in
that NISSC refers to concrete that uses external sensors
or actuators integrated into it to enable sensing
functions,* rather than relying on the inherent conduc-
tive properties of materials poured into the concrete mix
itself.” In ISSC—also known as self-monitoring, intrinsi-
cally smart, piezoresistive, or pressure-sensitive
concrete—functional fillers are incorporated into the
concrete matrix. A concise and accurate definition of
ISSC is given in Reference 23: “A structural material that
can monitor itself without the need of embedded, attached,
or remote sensors”. This research field flourished since
Chen’, Chuang’, and coauthors’ groundbreaking research

Jibl—

works in the early 1990s, which revealed the self-sensing
cementitious composites with short-cut carbon fibers
(CFS).24727

Other filler materials include steel fibers (SFs),*® car-
bon nanotubes (CNTs),* nickel powder (NP), nanoscale
graphite powder (GP), carbon black (CB/CNB), and
others.”® The addition of these functional fillers enables
the concrete's ability to sense and monitor various
parameters, such as strain and crack occurrence/crack
growth while trying to maintain—or potentially even
improve—its mechanical properties and durability. In
this regard, the core concepts of ISSC are:

i. the ability of the functional filler to change the over-
all conductivity of the final product, and

ii. the ability of this resulting concrete to generate per-
ceivable electric charges under mechanical loads.*!

Recalling some basic concepts of electrical engineering,
the electrical resistivity p, measured in ohm-meters
(Qm), is defined as the measure of a target object's ability
to resist the flow of electric current, that is

P:T, (1)

where R is the material resistance in ohm (Q), A the
cross-sectional area transversal to the current flow in
square meters (m?), and [ is the length in meters (m). The
material conductivity is the inverse of Equation (1), being

o=, 2)

expressed in siemens per meter (S/m). Concrete's electri-
cal resistance varies widely depending on various factors
such as its water-cement ratio, porosity, pore structure,
cement composition, presence of rebar steel, moisture
content, and external ambient temperature. However,
generally speaking, it is always quite high w.r.t. to good
conductors such as metals. It ranges from a minimum of
p=1Qm for freshly poured concrete®* to 10 —10°>Qm
for wet fully cured concrete and 10° — 10'° Qm when dry
at high temperatures.® For outdoor dried concrete, it is
most commonly attested between 6.54x10° and
11.4 x 10> Qm.>* However, these values are general esti-
mates and can vary based on the specific conditions and
materials used, especially if certain types of aggregates
are purposefully added to lower the resistance.

Hence, the idea is to reduce the global resistance of
the cement mix via a conductive network of highly con-
ductive filler material, dispersed in the mix. As the con-
crete structure deformates, the dispersed filler changes its
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shape as well, slightly modifying its conductivity. These
changes in the conductive network are at the base of
resistance-based sensing which, despite some improve-
ments in alternative methodologies such as capacitance-
based sensing,35 remains to date the most common
approach.

In this framework, the fractional change in (longitu-
dinal) electrical resistivity (FCR), defined as the ratio
between the change in resistivity over its initial value,
that is, Ap/p,, acts as a proxy index for the mechanical
parameters of interest. The rationale is that FCR is
directly proportional to the fractional change in length
AL/Ly, that is, the axial strain ¢, by a factor known as
gauge factor (GF). Importantly, this makes ISSC solutions
theoretically viable for an all-encompassing load range.
As will be discussed more in detail in Section 5.1,
changes in FCR can be appreciated both in the early elas-
tic and subsequent plastic deformation regions. In the
end, the final increase in electrical resistance continues
even beyond the failure threshold of the ISSC.***’ These
considerations apply to the three main load types to
which R.C. structural elements are generally subject to—
uniaxial compression, uniaxial tension, and pure
bending.

Before continuing, the two concepts of percolation
threshold and polarization effects need to be introduced
as well, to understand the working principles of func-
tional fillers in ISSC.

The percolation threshold is an optimum concentra-
tion of the incorporated material which forms conductive
networks or pathways within the composite mix—that is
to say, of the conductive functional filler. After this criti-
cal value is reached, a continuous conductive network is
formed, enabling the material as a whole to become elec-
trically conductive. Instead, the mix acts as an insulator
when the filler concentration is below this threshold. In
fact, cement has near-insulating or low electrical conduc-
tivity by nature.>® Achieving a low percolation threshold
is desirable, as it reduces the amount of expensive con-
ductive fillers (like CFs, CNTs, graphene, etc.) required
to impart self-sensing capabilities to the concrete. Each
functional filler has its own native percolation threshold
(e.g., generally lower for CFs and CNTs than CB). Yet,
that can be modified, for instance, with the use of admix-
tures to influence the electrical properties of the concrete
mix. The percolation threshold is generally indicated as
either percentage by volume, vol.%, or percentage by
mass/weight, wt.%.

The polarization of the cement paste has a significant
impact on the electrical, and thus self-sensing properties,
of the resulting concrete. Nevertheless, it can also affect
its mechanical properties, not necessarily in a positive or
harmless way—potentially it can also cause a decrease in

the ultimate compressive strength.* Polarization effects
in self-sensing materials are distinguishable in both alter-
nating current (AC) and direct current (DC) circuits. In
DC circuits, polarization is constant, while in AC circuits,
it fluctuates with the AC. This is important for under-
standing the material response under different electrical
conditions®®; for this reason, experiments are often con-
ducted in various electric fields (both DC and AC with
various frequencies).

These aspects represent the most focal points, briefly
summarized. Many relevant points and deeper discus-
sions about the principles of ISSC can also be found in
Reference 41.

Thus, the conductive fillers can be categorized accord-
ing to their basic material (e.g., graphene derivative,
carbon-based, etc.), their size (nano or micro materials),
and geometry (powder, amorphous, or fibrous). Their
mechanical and electrical properties and main character-
istics can be summarized as follows:

« SFs are short, discrete fibers of steel with aspect ratio
ranging from 20 to 100. Generally, they can be either
twisted, straight, or hooked-ended. The incorporation
of these fibers is possible within the composite matrix
due to their small size which in turn alters the
mechanical and electrical properties.>® They are flexi-
ble and very cost-effective, but due to their macro-
scopic size, they can be challenging in concrete
mixing. Also, they have a relatively low electrical con-
ductivity, especially in comparison with other alterna-
tives reported below.

« CFs are the most used functional fillers for SSC due to
their unique combination of mechanical and electrical
properties.*” In particular, they have a very low perco-
lation threshold, generally around 0.27-0.30 vol.%"!
They are much easier to mix and embed than SFs;
however, as with all the other conductive fillers, uni-
form dispersion is important to achieve a consistent
conductive network. In comparison to SFs, they have
much less flexibility, higher conductivity, and higher
preparation costs. They are also prone to corrosion.

+ CNTs can be either single-walled (SWCNTSs) or multi-
walled (MWCNTSs). Both have been used in experimen-
tations to study their properties and their effect on the
resistivity of the composite matrix. Notably, they show
very good mechanical strength and electrical conduc-
tivity, due to a combination of a nanometric size for a
high aspect ratio and surface area. Furthermore, they
can be dispersed at low concentrations, as their perco-
lation threshold is generally low, similar to CFs (ca. 2-
4 wt.%).*' Nevertheless, CNTs are prone to agglomera-
tion and thus their uniform dispersion needs to be car-
ried out through dispersion methods.”” Good
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alignment is difficult to achieve as well. Also,
MWCNTs and CWCNTs work in such a way that they
show variations in material properties under the influ-
ence of external forces. Strictly related to CNTs, CNFs
are produced in a similar manner. However, they can
or cannot be hollowed and are generally larger in size
(up to a few pm in diameter), thus less oriented, more
disordered, and sometimes losing their concentrical
structure, while also having some defects, which are
instead mostly absent from CNTs.

« NPs, due to their spiky spherical shape, have excellent
conductivity due to the field emission effect on the
nanotips.** Furthermore, differently from fibrous or
nanoscale carbon material with suboptimal specific
surface area and aspect ratio, recent research works®*
showed that NP does not need any special surfactant
to remove aggregation and entanglement. Neverthe-
less, its percolation threshold is typically high, around
10-15 vol.% for the best self-sensing properties in con-
crete.*® However, higher nickel contents above the per-
colation threshold can lead to decreased mechanical
strength due to increased porosity.

« Nanoscale GPs are granular with very fine grain size
(dso about 15.5 yum*’). However, they present some
drawbacks and limitations. First, as for many powder-
based conductive fillers, they need a dispersing agent
to obtain a homogenous suspension; other additives
are required to avoid the formation of large pores due
to air entrapped during mixing. Second, they have a
relatively high percolation threshold at ca. 10-12 wt.%,
also depending on the compressive stress applied.*’
Furthermore, higher graphite contents above the per-
colation threshold can lead to decreased mechanical
strength due to increased porosity. Other graphene
derivatives, like reduced graphene oxide, are also used
as conductive fillers.

« CB, a form of amorphous carbon, is another material
that is widely used in ISSC due to its high surface-area-
to-volume ratio and conductivity. It is a powdered-
based substance with a size between 50 and 500 nm,
obtained as a result of incomplete combustion of
coal.*® For this reason, it has a much lower preparation
cost than CFs or CNTs. It is remarkably easier to dis-
perse in concrete mixtures. However, CB is prone to
agglomeration. As before, the dispersion of CB is of
prime importance in order to effectively maintain a
dense network within the composite matrix to enhance
both mechanical and electrical properties. However,
this functional filler is generally outdone by its alterna-
tives due to its sensibly higher percolation threshold
(7.22-11.4 vol.%).** Furthermore, it generally causes
the final concrete product to have lower tensile
strength compared to CFs.

Jibl—

Other less common options include lead-
zirconate-titanate nanoscale powder (nano PZT),*’ poly-
vinyl alcohol fibers (PVA),”® and others; a comprehensive
list is reported in Reference 51. To summarize, the two
main categories—according to the filler shape—are
fibrous and particle materials. According to their size,
they can be catalogued as either nano-, micro-, or macro-
scale.

Importantly, these conductive fillers are often com-
bined among themselves and/or with other admixtures to
improve their characteristics; for example, Reference
41 experimented with different fractions of CFs and
MWCNTs*?%; produced a CB/polyethene terephthalate
(PET) composite with a percolation critical value as low
as 0.58 wt.%”*; used a mixture of CFs and CB. Among
other alternatives, hybrid solutions such as graphene-
coated or nickel-coated CFs have been proposed as
well.>*

For direct comparability, the main properties of SFs,
CFs, and the two main typologies of CNTs—as retrieved
from the published scientific literature—are reported
side-by-side in Table 1.

Table 2 compares different fiber-based and nanotube-
based conductive fillers that, according to this review
work, have been most frequently incorporated into the
concrete mix for ISSC. Finally, Figure 1 portrays some
examples of ISSC fillers seen at the micro- and nano-
scale.

For NISSC, several embeddable sensing technologies
and devices can be employed, such as fiber optic sensors
(FOSs), piezoelectric sensors-transducers (PZTs), magne-
tostrictive sensors (MSs), acoustic emission (AE) sensors,
and electrical resistance strain gauges (SGs). These are all
well-known sensing devices; to recapitulate them in
brief:

« FOSs can be attached to (on the surface) or embedded
in the concrete to provide sensing capability. The most
common types are FBG sensors, one of the most fre-
quently used sensors in civil engineering because of
their advantages such as small dimensions, accuracy,
and diffuse sensing capabilities. Several categories of
FOSs are available for Smart Concrete; a dedicated dis-
cussion can be found in Reference 75. FOSs can be
incorporated into concrete structures to get precise
strain measurements in structures to extract informa-
tion regarding cracks and micro-failures. Furthermore,
they can detect strain changes within seconds, which
makes them suitable for dynamic signal measure-
ments*® and real-time monitoring.

« PZTs rely on the piezoelectric effect. For this phe-
nomenon to occur, a solid object must have stored
energy, which causes internal polarization. As a

85UB0 1 SUOWWIOD aAIERID 9|cedldde ay) Ag peusenob e Ssjo1e YO ‘8sN JO S3|nJ Joj Akeld1]8uluO 3|1 UO (SUOTIPUOD-PUe-SLLBIAW0Y A3 | 1M A.g 1 pu 1 Uoy/:SdL) SUOIIPUOD pue Swie | a1 88S *[7202/60/60] U0 Akeiqiqauljuo A8|IM ‘oulio 1 11od [ed 1q!g SIS 0uLo L 1Q 001ude}|0d - 00 N BIBAID AQ ¥T.00720Z 09NS/Z00T 0T/I0p/wWoo A8 |Im Ae.q 1jput|uo//sdny wouj pepeojumod ‘0 ‘89, TSLT



Abbreviation: MWCNTs, multi-walled carbon nanotubes.

result, two separate phenomena are deduced. When
mechanical strain is applied, a change in internal
polarization causes surface charge to be generated.
This process is known as the direct effect and is
employed for sensing. On the other hand, mechanical
strain can be brought on by an applied electric field,
which results in the inverse effect, used for actuation.
However, as already mentioned, PZT actuators are of
limited use apart from very thin, lightweight, and
flexible metallic structures. Conversely, piezo
impedance-based sensing can be applied to measure
not only mechanical but also different parameters,
including pressure, temperature, and other environ-
mental effects. Yet, due to the superposition of these
different phenomena, the same environmental factors
can badly affect the strain-sensing capability of PZT
sensors.”® Embedded PZT sensors have been also
widely applied for curing monitoring after concrete
casting.”/  Noteworthy, = PZT—Ilead  zirconate
titanate—is not the only piezoelectric ceramic, even if
it is the most common one. Other alternatives, such
as barium titanate, can also be applied.

6 | ﬁ b CIVERA ET AL.
TABLE 1 Comparative properties of steel fibers, carbon fibers, and carbon nanotubes (multi-walled and single-walled).
Property SFs?%%5:36 CFs* Property MWCNT* SWCNT>"™°
Fiber outer diameter (pm) ~200-1000 ~10-20 Fiber outer diameter (nm) ~10-15 ~0.75-2
e.g., 60 in.” e.g., 15+ 3in.*
Length of fiber (mm) ~1-10 ~1-50 Fiber length (um) ~0.1-10 Up to 30
e.g.,5in* e.g.,5in*
Uniaxial tensile strength ~ 400-2000 ~ 600-5000 Uniaxial tensile strength ~150 ~50-500
(MPa) e.g., 970 in.* e.g., 690 in.* (GPa)
Axial Young's modulus ~200 ~40-600 Axial Young modulus (TPa) >1 ~1
(GPa) e.g., 48 in.*°
Electrical resistivity (QQm) ~1077-107° ~107°-1072 Electrical resistivity (Qm) Up to Up to
eg,6x1077in* eg,3 x 1077 in.* 1x1077 1x1078
Density (kg/m?) ~7700-7850 ~1600-2000 Density (kg/m?) ~50-150 Theoretically
300-4500
Abbreviations: CFs, carbon fibers; MWCNT, multi-walled carbon nanotube; SFs, steel fibers; SWCNT, single-walled carbon nanotube.
TABLE 2 Comparison of different fiber- and nanotube-based fillers.
Conductive Geometric Amount of fibers/nanotubes/
material shape Percolation threshold (vol.%) nanofibers (wWt.%) References
Steel fiber (straight ~ Fiber ~0.25-2.00 (generally higher for twisted SFs ~ ~0.3-1.00 for straight SFs, 0.5- 39,6061
and twisted) (micro) and lower for straight SFs) 1.50 for twisted SFs
MWCNTs Nanotube ~0.30-0.70 ~0.01-0.75 REeZast
(nano)
Carbon nanofibers Nanofiber ~0.5-1.0 ~0.2-0.5 65-68
(CNFs) (micro)

MSs are based on the magnetostrictive effect of ferro-
magnetic materials. That means they undergo mechan-
ical deformation when subjected to a magnetic field.
On the other hand, for sensing purposes, the inverse
magnetostrictive effect refers to the phenomenon
where the magnetic induction of the material changes
in response to mechanical deformation. MSs, due to
their capability to generate different guided wave
modes by altering coil or magnet geometry, offer sig-
nificant potential for long-distance inspections. How-
ever, it is important to note that the applicability of
MSs is limited to ferromagnetic materials—such as
rebars but not other concrete components. Also, MSs
transmits relatively low ultrasonic energy with a low
signal-to-noise ratio, and the induced energy is criti-
cally dependent on the location of the probe with
respect to the damaged component.

The detection principle of AE sensors is based on the
acoustic emissions (waves) generated by micro-
cracking into the concrete volume in response to defor-
mation and/or crack growth when internal stresses
locally exceed the material resistance at a microscopic
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FIGURE 1 The most common conductive fillers and ISSC solutions according to this review. (a) Steel fibers (above: example of 50-mm
long hooked-end SFs; below: single specimen of twisted, hooked-end, and straight SFs, retrieved from Reference 69). (b) Carbon fibers
(above: macro-scale view; below: micro-scale view of CFs, retrieved from Reference 70). (c) Carbon black (above: macro-scale view; below:
micro-scale view of CB particles, retrieved from Reference 71). (d) Carbon nanotubes (above: macro-scale view; below: nano-scale view of
CNBs, retrieved from Reference 72). (e) Nickel powder (above: macro-scale view; below: micro-scale view of NP particles, retrieved from
Reference 44). (f) Nanoscale graphite powder (above: macro-scale view; below: micro-scale view of nanoscale GP particles, retrieved from
Reference 73). (g) Schematic comparison of the diameter dimensions on a log scale for various types of carbon-based nanotube and
nanofiber variants, retrieved from Reference 74. CB/CNB, carbon black; CFs, carbon fibers; GP, graphite powder; ISSC, intrinsically self-
sensing concrete; NP, nickel powder; SFs, steel fibers.

scale. AE sensors are conventionally made of bulky « Electrical resistance SGs are, arguably, the most

piezoelectric materials such as the aforementioned widely used sensors for NISSC, due to their historic
PZT. As stated before, they convert the mechanical use in non-embedded SHM, ease of installation,
energy of the acoustic emissions into electrical signals, durability, and very low cost. The functionality of
which can then be processed and analyzed, using dif- SGs is simple and reliable: once set under a continu-
ferent technologies and operating at different fre- ous electrical current, if a force or deformation is
quency scales. In the context of NISSC, these sensors applied to the sensor, the electrical resistance
are embedded within the concrete during its construc- changes. By detecting these resistance changes, it is
tion. However, due to the very limited range of detect- possible to indirectly measure the strain of the con-
ability, the use of AE sensors is hampered by practical crete where the sensor is embedded (or attached).
and economic considerations. They are only able to sense strain and not other
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FIGURE 2 Summary of the most common NISSC alternatives according to this review. (a) Concrete-embedded FOS, attached to the
rebars before concrete casting (retrieved from Reference 82). (b) PZT sensors; from top to bottom: embedment, piezoelectric disks covered
with a protective layer of rubber, and final specimen after curing (retrieved from Reference 83). (c) MS sensor (microwire of ferromagnetic
material) embedded in a cylindrical specimen (adapted from Reference 84). (d) Piezoelectric sensors for AE sensing before and after
embedment in an RC beam specimen (retrieved from Reference 85). (e) Prototype strain gauge during embedment in concrete (retrieved
from Reference 86). AE, acoustic emission; FOS, fiber optic sensor; MS, magnetostrictive sensor; NISSC, non-intrinsic self-sensing concrete;

PZT, lead-zirconate-titanate; RC, reinforced concrete.

parameters like moisture or temperature. On the
other hand, they are not affected by these damage-
unrelated factors. Yet, they are sensitive to electro-
magnetic interference.

A few selected examples are depicted in Figure 2.
Another less common but still noteworthy application
regards concrete-embedded MEMs barometric pressure
sensors for strain measurement,”®”® proposed for the
monitoring of concrete tunnel linings.*

Finally, another relevant technology is passive
radio frequency identification (RFID), which is not
intended for sensing but rather enables short-distance
passive wireless communications between the sensors
and a receiving station. This allows for data transmis-
sion from fully embedded NISSC sensors to the
outside.®!

In conclusion of this introductive part, Table 3
provides a brief comparative view of the main ISSC
and NISSC solutions based on this review's findings.

2.2 | Key aspects of ISSC technology

As mentioned before, the focus of this work is on ISSC.
Therefore, it is further required to highlight the following
points:

2.2.1 | Fiber dispersion and mix preparation

To properly activate the self-sensing properties of con-
crete, the process of dispersion of micro- and nano-fibers
in the composite mix must achieve a homogeneous distri-
bution of the functional filler within the cement matrix.
As mentioned, that will establish a conductive network,
reducing the resistivity of the nonconductive matrix at
the macroscale. Some conductive fillers, such as, CNTs,
have a natural tendency to agglomerate because of their
large surface area, high aspect ratio, and strong Van der
Waals forces. Due to this issue, without proper counter-
measures, the dispersion is limited and thus reduces the
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TABLE 3 Comparison of ISSC versus non-ISSC solutions.
Material Type Sensing capability Advantages Disadvantages
Carbon fibers (CFs) ISSC « Monitors mechanical strain and damage « May improve Relatively higher cost
within concrete mechanical Limited repeatability
properties
Carbon nanotubes ISSC « Detects changes in electrical conductivity due « Enhanced electrical Challenging dispersion
(CNTs) to strain or damage conductivity Costly production
Moderate repeatability
Graphite powder ISSC + Measures electrical resistance changes in + Excellent electrical Challenging dispersion
(GP) response to strain or damage conductivity Costly production
Moderate repeatability
Carbon black (CB) ISSC « Detects changes in electrical properties due to « Enhanced self- May affect the
strain or damage sensing behavior workability of fresh
+ Relatively low cost concrete
Cost considerations
Moderate repeatability
Nanoscale graphite ISSC « Utilizes nanomaterials to enhance self- » Improved High research and
powder (GP) sensing properties sensitivity and development costs
accuracy Material availability
Moderate repeatability
Fiber optic sensors NISSC « Measures strain through changes in light » High sensitivity. Installation complexity
(FOSs) intensity within optical fibers External Cost of sensors
monitoring
» High repeatability
Electrical resistance NISSC + Monitors electrical resistance changes due to ~ « Easy installation Sensitive to
strain gauges (SGs) strain + Real-time strain environmental
monitoring conditions
« Very low cost Requires external
» High repeatability wiring
Piezoelectric NISSC . Converts mechanical stress to electrical « Suitable for Limited sensitivity
materials (PZT) signals for strain detection dynamic May require protective
monitoring coatings
» Moderate costs Moderate repeatability
Acoustic emission NISSC « Detects microcracks and damage through + Enables real-time Requires external
(AE) sensors acoustic waves generated during fracture monitoring power supply
+ Detects hidden Requires specialized
damage equipment
Interpretation of
signals can be complex
Relatively high costs
Moderate repeatability
Magnetostrictive NISSC « Measures strain through changes in magnetic « Durable and Requires external

sensors (MSs)

properties

Note: Based on Reference 87 and Reference 88.
Abbreviation: ISSC, intrinsically self-sensing concrete; NISSC, non-intrinsically self-sensing concrete.

effectiveness of the CNTs when used in the composite
mix.*” These countermeasures can be either physical or
chemical depending on their working principle. Physical
methods include sonication, ball milling, and mechanical
stirring; these limit CNT and fiber agglomerates by pro-
viding mechanical energy to overcome Van der Waals

reliable
» Moderate costs
« High repeatability

power supply

interactions. In particular, sonication tends to reduce the
agglomeration of the fibers by generating pressure waves
at high speeds. Ball milling and mechanical stirring (also
using magnetic stirrers) are not considered very effective
on their own** and thus generally only used along with
sonication for more effective dispersion.
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TABLE 4 Main dispersing materials and respective dispersed fillers.
Type Dispersing material/surfactant Dispersed functional filler References
Surfactant Water-reducing agent CF, CNT, CNF, CB, GP, NP 91,92

Methylcellulose (MC)
Carboxy MC
Sodium dodecyl sulfate (SDS)

CF, CNT
CF
CNT, CNF

Polystyrene sulfonate (PSS) + N-methyl-2-pyrrolidone (NMP) CNT

Dodecyl-benzene sodium sulfonate (NaDDBS)

Mineral admixtures Fly ash

Silica fume

CNT
CF, CB, SF, NP 92
SF 93,94

Abbreviations: CB, carbon black; CF, carbon fiber; CNF, carbon nanofiber; CNT, carbon nanotube; GP, graphite powder; NP, nickel powder; SF, steel fibers.

The second typology of methods relies on chemical
reactions to improve the dispersion process. This is made
possible through the addition of several oxygen groups,
such as carboxyl (COOH) groups, to form covalent bonds
or by growing polymer chains from the CNT surfaces.
The use of surfactants—such as plasticizers—is also com-
mon to disperse the functional fillers, using electrostatic
repulsion between the fibers and increasing aqueous sol-
ubility. In this case, a solvent, made of a proportion of
water and surfactant, is used. In the case of CNTs, they
adhere to the hydrophobic part of the surfactant via Van
der Waals forces, while electrostatic repulsion ensures
their distribution. The optimal quantities of both surfac-
tants and CNTs can be found by experimentation and
trial and error and depend on the type of surfactant used.
Superplasticizers are also used due to their compatibility
with cement and are necessary for MWCNTSs due to their
high specific surface area.”® In all cases, several mix prep-
aration methodologies—most commonly classified as
first, synchronous, and latter admixing methods®’—are
used, depending on the chemical dispersant and the
mechanical mixing procedure. Table 4 reports a brief
description of the different dispersing materials found in
this review work.

The combined usage of mechanical and chemical
methods, such as sonication coupled with the addition of
surfactants, can effectively increase the phenomenon
of fiber and CNT dispersion.***°

2.2.2 | Sensing techniques

Sensing within Smart Concrete materials is done through
two most prominent methods: two- or four-probe elec-
trode configurations. Both consist of the application of a
current I and the measurement of a voltage V. However,
they differ in the number of electrodes applied.”*> This
and other main differences reported by the works

reviewed here are summarized in Table 5. In a few
words, the two-probe configuration is a more straightfor-
ward setup, suitable for simple and expedited resistance
measurements, but generally regarded as not accurate for
self-sensing applications.*>°° Conversely, the four-probe
configuration is preferred, as—for a slightly less complex
setup—it can return more accurate and reliable measure-
ments of the changes undergone by the electrical resis-
tance in the concrete's specimens under applied
deformations or loads.*””” Due to contact resistance
between electrodes and the piezoresistive cement-based
material, the two-probe and four-probe readings will not
be identical, with an apparent higher resistance mea-
sured in the two-probe configuration.

Besides resistance measurement, the electrode mate-
rial, serving as a conduit between the cement composite
and the measuring elements, assumes critical impor-
tance. The electrode should exhibit low electrical resis-
tance and stable electrical conductivity. Various metals,
including copper, stainless steel, silver, and aluminum,
are utilized as electrodes in forms such as metal plates
with or without holes, metal foils, meshes, bars, and cop-
per wires coated with conductive paints like silver,
copper, and carbon black (Figure 3).

As mentioned earlier, two measurement methods, DC
and AC, are commonly used. The DC test method, which
is considered the simplest option among the two, has its
limitations as the current does not propagate over larger
areas, which induces ion movement and results in electri-
cal polarization within the composite. This electrical
polarization limits the measurement of electrical resis-
tance and thus is a great concern. To avoid this, a DC
voltage is applied to the composite prior to loading,
which ensures polarization completion at the time of
measurement. An alternative approach involves the use
of AC, where polarization still occurs but can be dealt
with by expanding the frequency range and reducing the
amplitude of the AC voltage.”® '
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TABLE 5

Easiness of
measurement setup

Contact resistance

Sensing coverage, spatial
resolution, and
sensitivity to
heterogeneity

Accuracy

References

Key distinctions between two- and four-probe setups for ISSC.

Two-probe configuration

« Asonly two electrodes are required, it is
inherently simpler, faster, and more cost-effective
to implement.

» As the current and voltage are measured through
the same electrodes, the contact resistance
between the electrodes and the concrete sample
affects the measured electrical resistance.

« Can provide accurate measurements for the
specific points between the probes. However, it
may lack precision in assessing the overall
material properties outside of it. Thus, it is
suitable for applications where localized
information is sufficient.

« Due to its localized sensing coverage and lower
spatial resolution, it may struggle to detect subtle
localized variations or heterogeneities within the
concrete.

» Less accurate voltage measurements due to the
superposition of contact resistance and concrete
sample resistance in the measured quantity.

32,87,96

Abbreviation: ISSC, intrinsically self-sensing concrete.

A

Two-probe method

I_

= —— - - -1

Four-probe method

fib L x
CEB-FIP

Four-probe configuration

It is relatively more complex and expensive to
implement because it requires four electrodes, two
for the current application and two for the voltage
measurement.

As the current is applied through two electrodes,
while the voltage is measured through two
separate electrodes, the effect of contact resistance
is minimized.

Can offer higher accuracy and precision in
determining material properties across a larger
area. As it measures properties across multiple
points, it can offer higher spatial resolution, thus
allowing for a finer analysis of variations in
material properties within the concrete.

Due to its larger coverage and better spatial
resolution, it is more adaptable to localizing
heterogeneities and/or discontinuities (damage
localization).

More accurate voltage measurements due to the
missing effects of contact resistance.

32,87,97
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Four-probe method

Four-proRe method

Four-prohe method

Two (a and ¢) and four (b and d-f) probe configurations. (a and b) Electrodes attached on the surface. (c-f) Embedded
mesh, perforated plate, and loop electrode configurations. Retrieved from Reference 23.
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Mixing of conductive fillers
using dispersing agents such
as Methylcellulose, NMP+PSS,
and sodium dedecyl suplhate.

Step 2

Mechanical stirring of the mix
followed by tip sonication for
dispersion.
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Crack detection based on FCR
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Self-Sensing specimen

Self-sensing concrete
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damage detection
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Main steps of ISSC preparation and application for damage detection. EIT, electrical impedance tomography; FCR,

fractional change in (longitudinal) electrical resistivity; ISSC, intrinsically self-sensing concrete; NMP, N-methyl-2-pyrrolidone; PSS,

polystyrene sulfonate.

To conclude this section, Figure 4 conceptually
depicts the several steps involved in the ISSC preparation,
implementation, and application methodology, including
mix preparation and probe sensing.

3 | EXEMPLARY LABORATORY-
TESTED APPLICATIONS OF SSC

Hereinafter, a few examples of the most interesting
recent applications encountered in the literature are pro-
posed, to highlight several potential uses of Smart Con-
crete, even for unconventional and/or nonstructural
purposes.

3.1 | Nano-engineered SSC for crack
detection and propagation

In References 103 and 104, the authors introduced a new
strategy for damage detection and assessment using
nano-engineered concrete in which a conductive ink is
sprayed onto the aggregates instead of mixing the con-
ductive materials within the composite mix. Generally, in
a concrete mix, fine and coarse aggregates are carefully
distributed to form a dense structure for high compres-
sive strength, as aggregates primarily bear the load trans-
fer in concrete. Since the aggregates are already

distributed within the mix spraying these aggregates cre-
ates a dense conductive network, with the cement matrix
playing a crucial role in bonding the aggregates.

80 x 80 x 20 mm cubic specimens were produced,
using conventional concrete, aggregate-coated conductive
concrete, sand-coated conductive concrete, and a mix of
sand- and aggregate-coated. The conductive coating con-
sisted of a latex polymer containing a specific quantity of
multi-walled CNTs. Incorporating MWCNTs into highly
viscous polymers can be achieved through emulsion poly-
merization methods, such as with polystyrene (PS) or
polymethylmethacrylate (PMMA). In this case, MWCNTs
were dispersed in an aqueous solution through ultrasoni-
cation before adding the latex polymer to create an
MWCNT-latex ink. This highly conductive ink was then
sprayed onto fine and coarse aggregates to ensure uni-
form distribution and achieve a coating thickness of a
few microns (Figure 5a,b). After drying, the coated aggre-
gates were directly incorporated into the concrete mix.
The main difference and supposed advantage of incorpo-
rating a conductive interphase into concrete aggregates is
the direct creation of a conductive concrete rather than
an indirect formation through the intermediate step of a
conductive cement paste. According to the authors, con-
ductive cement paste containing fine and coarse aggre-
gates aimed to create conductive concrete might not yield
the expected or required results due to inadequate CNT
distribution for forming a conductive network. By
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FIGURE 5 (aand b) Airbrushing coarse and fine (sand) aggregate to get nano-engineered self-sensing concrete. (c) Spatial damage
detection through EIC mapping for different samples with conventional concrete (A), MWCNT-coated fine aggregate (B), and MWCNT-

coated fine and coarse aggregate (C). Adapted from Reference 103.

establishing a conductive interphase around concrete
aggregates, a better conductive network could be formed.
This would offer more efficient and sensitive measure-
ments as compared to other self-sensing cementitious
composites. Furthermore, the development of conductive
concrete offers new possibilities for strain sensing and
damage detection systems. Unlike cement-based sensors
requiring embedding at multiple locations within a struc-
tural element, a large portion of the element can be made
conductive with coated aggregates. This would poten-
tially enable the monitoring of any part of the structure,
even if, from a practical point of view, spraying all aggre-
gates will be too costly and too challenging with the cur-
rent industrial processes.

It should be noted that electrical conductivity varies
depending on the volume fraction of MWCNTs. While
MWCNTs exhibit excellent material properties for strain
sensing, such as high electrical resistivity, latex has inher-
ently low mechanical and electrical properties, such as
tensile strength and electrical conductivity, respectively.

The results of this study were evaluated in terms of
electrical impedance tomography (EIT) imaging. EIT is a
method that involves the placement of electrodes around
a structural element to enable the current flow. A low-
magnitude AC is then used as an input between a pair of
boundary electrodes, while voltage is measured at the
remaining electrodes. Thus, voltage and phase measure-
ments are recorded in such a way. This is then used to
acquire the complete set of boundary voltage responses.
These measured voltage responses are used to address
the EIT inverse problem and reconstruct the spatial
impedance distribution. With these settings, EIT enables
strain sensing and, as a consequence, damage detection
and localization, by creating a resistivity map of the
entire region under investigation. EIT mapping, espe-
cially resorting to the difference between images taken at
different times, has been applied for moisture propaga-
tion tracking,'®® therefore approximating the position of
water inside concrete specimens'® and its total
content.'®’
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For damage detection, macroscopic holes were drilled
into conventional and enhanced concrete specimens (see
Figure 5c). No prominent changes in resistivity distribu-
tions were observed in the reconstructed resistivity pro-
files of the conventional concrete plates. This
insensitivity to damage could be attributed to the high
resistivity of pristine concrete, impeding adequate electri-
cal current propagation. Consequently, the measured
boundary voltage responses did not reflect damage fea-
tures resulting from hole drilling. Similar experiments
were conducted on concrete cast using large aggregates
coated with the MWNT-latex thin films. They yielded
comparably unsuccessful damage detection outcomes.
Conversely, resistivity maps from EIT testing on sand-
coated and sand-plus-aggregate-coated specimens clearly
detect and localize the position of the drilled holes. That
is largely due to the higher conductivity; in turn, this
enhancement can be attributed to the increased presence
of conductive cement-aggregate interfaces.

In terms of mechanical properties, the compressive
and flexural strengths of the Smart Concrete solution
were evaluated and benchmarked with conventional con-
crete. The lowest average compressive strength was
observed in the aggregate-coated mix, which nevertheless
satisfied the required strength of 4400 psi under the pro-
vided guidelines. A sand-coated mix and both sand- and
aggregate-coated specimens resulted in an average com-
pressive strength of 6860 and 7580 psi, respectively.
Meanwhile, specimens of conventional concrete reached
an average strength of 7030 psi. These findings suggest
that the mechanical properties of concrete can be main-
tained when cement-aggregate interfaces are modified
with MWNT-latex thin films. More specifically, sand-
coated specimens achieved comparable, if not superior,
compressive strengths to conventional concrete. Never-
theless, coating the large aggregates compromised their
mechanical properties. While this may be perceived as a
drawback of modifying the cement-aggregate interface
with MWNT-latex thin films, the authors stated that their
primary goal was to meet or exceed design guidelines
rather than preserving the material properties of concrete
unchanged. In contrast, coating sand did not appear to
produce negative effects, likely attributed to its smaller
particle size and intrinsic jagged surface. The modulus of
rupture followed a quite different trend, with the highest
value among nonconventional concretes reached by the
aggregate-coated solution (950 psi w.r.t. 953 psi of pris-
tine concrete). The lowest value (821 psi) occurred in the
combined sand-plus-aggregate-coated case.

In terms of cost comparison with conventional RC,
considering the average price of concrete at approxi-
mately US$122/m’, a significant cost increase was

evident when CNTs were directly dispersed within the
cement matrix. For example, concrete with 0.5 wt.% of
MWNTs incurred a 52-fold increase in costs compared to
pristine concrete. On the other hand, sand-coated speci-
mens have substantially lower cost. The reduced cost
associated with modifying cement-aggregate interfaces
implies that this technique can be used for practical
applications of the material. It is worth noting that the
specimens in the study were not optimized for sensing
and mechanical performance, suggesting the potential for
further cost reductions.

3.2 | Temperature and hydration
monitoring

In their recent publication, the authors of Reference 108
proposed CNF-incorporated “SmartCem” sensors, that is,
a nanomodified Portland cement, for the monitoring of
RC internal temperature and moisture content. The ratio-
nale is that the formation of a uniform cementitious
matrix depends on the process of cement hydration.
Thus, temperature and hydration monitoring inside the
concrete itself can be used to extract information about
its current and future performances.

The so-called SmartCem sensors (Figure 6a) were
developed by synthesizing CNFs on Portland cement par-
ticles through the chemical vapor deposition (CVD) pro-
cess. Different proportions of nanomodified cement were
used to create mortars for sensor fabrication, to study the
range of sensor amount used to monitor hydration and
temperature processes, up to 2.71wt%; 12 x 12
x 60 mm SmartCem prisms were inserted into 100 x 100
x 100 mm cubic normal-strength concrete samples
(Figure 6b).

Using a digital multi-meter and a four-probe tech-
nique, the electrical resistance of the SmartCem sensors
was measured at —20, 420, and +40°C for temperature
monitoring. The temperature coefficient and activation
energy were determined by applying direct current to the
outside electrodes and measuring the potential change at
the inner electrodes. Similarly, the SmartCem sensors
were inserted into concrete cubes just after casting to test
for hydration sensitivity.

Large-scale  self-compacting  concrete  beams
were monitored for cement hydration using the proposed
sensors. The sensors showed that they could monitor
changes in electrical resistivity after 7 days of casting,
which was in good accordance with the expected
hydration processes. The use of commercially available
humidity and thermocouple sensors were used for
benchmarking.
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FIGURE 6 (a) Mortar
sensor with electrode setup; (b-
d) sensor placement and test
setup for hydration monitoring.
Adapted from reference 108.
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FIGURE 7 Hydration temperature trend and measurement of

electrical resistivity by SmartCem sensors. Retrieved from
Reference 108.

As a result, the electrical resistivity was confirmed to
change following cement hydration. It was found to
decrease as well following temperature increases. The
sensor with the highest temperature sensitivity, with an
approximate 11.76% increase over the reference sample,
was the one containing 10 wt.% of SmartCem nanomodi-
fied Portland cement (which, in turn, corresponds to
0.271 wt.% CNFs). Additionally, the hydration sensitivity
testing revealed that SmartCem sensors containing
4 wt.% of binder exhibited a resistivity change that fol-
lowed the kinetics of cement hydration, showcasing their
hydration sensitivity (see Figure 7).
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33 | UHPSSC

In Reference 109, the self-sensing capabilities of UHSC
were investigated. The rationale is that fiber-reinforced
solutions are already incorporated in UHSCs—both
with and without traditional rebars.!'®!!! Hence, the
same SFs can be exploited for the additional aim of
self-sensing. In this case, straight brass-coated SFs with
high tensile strength (2300 MPa), relatively high length
(13 mm), and low diameter (60 pm) were used in com-
bination with ASTM Type I normal Portland cement,
polycarboxylate-based superplasticizer, and undensi-
fied silica fume. The fibers amounted to 0.5 vol.% of
the cement paste. Three 50-mm cube specimens were
cast for compressive strength testing, and three
40 x 40 x 160 mm prism specimens were cast to deter-
mine the electrical resistivity and piezoresistivity (via
four-probe testing). All specimens were cured for
28 days. To differentiate specimens with different
moisture conditions, oven-drying (60°C and 20%
humidity) and air-drying were used. Finally, a UHSC
column was realized, embedding the oven-dried speci-
mens (Figure 8a,b).

From cyclic compression tests, it was evidenced that
for all specimens, the expected general trend of the
piezoresistive behavior was confirmed, with FCR
decreasing upon loading, corresponding to the
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(a and b) Self-sensing specimen and its embedding into a UHSC column. (c and d) Strain (blue line), stress (black line), and

FCR (purple points) experimental curves for one air-dried specimen during the cyclic load test. (e and f) Direct relationships between the
fractional change in resistance and strain and between FCR and stress, as obtained from the UHSC column loaded till failure. Adapted from
Reference 109. FCR, fractional change in (longitudinal) electrical resistivity; UHSC, ultra-high strength concrete.

decreasing resistance, and increasing upon unloading,
corresponding to the increasing resistance. However,
Ap/p, was subject to irreversible changes after any cycle,
implying that the piezoresistivity has poor repeatability
in UHSC (Figure 8c,d), as already known in regular con-
crete as well. Interestingly, both air- and oven-dried spec-
imens returned comparable mechanical properties (very
high compressive strength at circa 120-130 MPa, elastic
modulus of circa 40-42 GPa, and Poisson's ratio 0.17), but
the resistivity and GF were sensibly higher for controlled
oven-dried specimens than air-dried ones (3.34-10°
vs. 1.41-10° Qm and GF =202 vs. 42).

The column destructive test allowed the definition
of three regions in the FCR—e& and FCR—o curves
of UHSC under monotonic loading (Figure 8e,f): firstly,
a highly sensitive, linear phase at low strains/stresses;
then, a subsequent medium sensitive, nonlinear phase;
finally, a last phase characterized again by a linear rela-
tionship but hampered by low sensitivity. The occur-
rence of such linear and nonlinear regimes for
monotonic loading is confirmed in other research works
as well, for example, by Reference 112 where both stain-
less SFs and copper-coated SFs were experimentally
tested.

3.4 | Leakage detection

Cement with an embedded conductive filler can demon-
strate great potential in sensing changes in the mechanical
environment such as for leakage detection. In Reference
113, Portland cement class G was used with Pyrograf PR-
19 XT-LHT CNFs (size: between 50 and 200 pm in length
and about 150 nm in diameter). The cement/CNF slurry
was prepared using deionized water and a superplasticizer
polymer as the dispersing agent (5.2 CNF to dispersant
weight ratio). Two 3 x 3 x 3 cm cubic samples were cast,
with two 2 x 3 cm steel plates inserted into the slurry with
a 1 cm thick separator placed between them for two-probe
testing (Figure 9a). This was conducted under uniaxial
compression testing (Figure 9b). ISSC readings were
paired and compared to the acoustic emissions recorded
by physically attached transducers (Figure 9c,d) and X-ray
tomography imaging of the specimens.

As a result, the Portland G well cement with an
embedded conductive filler exhibited sensitivity to
mechanical load, with significant changes in electrical
resistivity. This decreased in the elastic deformation
region, while a notable increase in resistivity, accompa-
nied by numerous acoustic events, was observed in the
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(a) Photography of one sample within and without the mold after 24 h of curing. (b) Schematic representation of the

experimental setup with electrical connectors and surface-attached AE sensors. (¢ and d) Results from Samples 1 and 2. Adapted from

Reference 113. AE, acoustic emission.

plastic deformation region. This increase further continued
beyond the failure threshold, along with an increase in the
number of acoustic events. Although results were qualita-
tively reproducible for two similar samples, the magni-
tudes of resistivity changes differed, attributed to the
stochastic nature of fracture growth and propagation,
influenced by micro-sized inhomogeneities (nanofiber
aggregates). Nevertheless, it is important to note that while
Portland G cement with CNFs showed promising results
for detecting mechanical stress and strain, the authors did
not directly test its in situ application. Also, the occurrence
of leakage was not directly investigated but rather indi-
rectly related to the occurrence of cracking inside the spec-
imens. Nevertheless, the potential application is of great
interest and future studies in this direction may benefit
the whole research community.

3.5 | Other ISSC and NISSC applications

3.51 | Fatigue monitoring

Fatigue monitoring is of paramount importance for con-
crete and R.C. structures and infrastructures; however,
the specific topic has been addressed only by a very lim-
ited number of scientific papers. In very recent years,

self-sensing cement-based materials have been proposed
and laboratory-validated by Adresi et al.''* (using
MWCNTSs in 10 x 10 x 40 cm concrete specimens), Celik
et al.'™ (testing both MWCNTs and CFs in 10 x 15 x
100 cm R.C. beams), and Xu et al.''® (using CFs and
performing wheel loading in a 280 x 300 x 190 cm
R.C. deck slab).

3.5.2 | Railroad applications

Regarding the specific applications to civil infrastruc-
tures, apart from road bridges, it is worth recalling that
ISSC solutions have been tested on railroads as well, with
interesting applications validated in situ and during oper-
ational conditions for a real high-speed railway line
(Shanghai-Hangzhou, K005, China),''” as well as field
tested with controlled input conditions for a Maglev train
girder under static load test.''®

3.5.3 | Other uses of electrically conductive
concrete (ECON)

Apart from self-sensing, the addition of an electrically
conductive network in the concrete mix can be exploited
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FIGURE 10 (a) Embedded cement-based piezoelectric sensor before casting. (b) Experimental setup of the wet-dry accelerated
corrosion of RC beam (dimensions in mm). (c) RC beams under the effect of corrosion only. (d) RC beams under the coupled effect of
loading and corrosion. Adapted from Reference 122. RC, reinforced concrete.

for secondary and additional uses, for example, for
concrete-based heated pavement systems (HPS). The con-
ventional methods for removing ice and snow from pave-
ment involve the use of deicing salts and/or chemicals
and mechanical removal. HPS, instead, uses
concrete-embedded solutions to melt them.!'® However,
the application of CF-based ECON in electrically heated
pavements has emerged as a promising alternative. Using
finite element analysis, the researchers of Reference 54
investigated the optimum CF dosage for HPS and con-
cluded that ECON could effectively melt ice and snow on
pavement surfaces.

Other research works by the authors**® showed that
the addition of a calcium nitrite-based corrosion inhibitor
admixture as a conductivity-enhancing agent (CEA)
improved the electrical conductivity and compressive
strength of ECON, particularly for samples with low fiber
content. This enhancement made the HPS more effective
in melting ice and snow. In addition, a third work'*
studied the feasibility of wusing polyurethane-
carbon-microfiber (PU-CMF) composite coating for heat-
ing pavement. It was found that the composite coating
has great potential in the HPS application due to its dura-
bility, surface friction, and volume conductivity.

However, the high construction cost was identified as a
limitation.

3.54 | Corrosion monitoring
Interesting applications can be found for cement-based
sensors as well. To provide one example, smart concrete
solutions can be employed to monitor corrosion inside
RC components, as reported by Reference 122. In this
example, cement-based embedded piezoelectric sensors
were used to monitor cracking and corrosion onset
through acoustic emissions. The study involved using a
3% NacCl solution in plexiglass dams. These were placed
at the center top of RC beams to induce corrosion caused
by the chemical solution’s ingress. The experimental
setup, performed with corrosion only or coupled corro-
sion plus mechanical loading, is detailed in Figure 10.

The results indicated that piezoelectric composite sen-
sors possess significant potential for damage monitoring,
including corrosion, due to their good durability and high
sensitivity.

In a similar experiment, Reference 123 demonstrated
that CF sensors installed on the concrete surface are
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FIGURE 11 Smart mortar slabs with embedded cement-based sensors undergoing laboratory uniaxial compression test (setup (a) and
results (b)), human motion simulations (feet up-feet down (c and d), and jump test (e and f)), and vehicle speed tests (as before, setup on the
top row (g), and results on the bottom row (h), for the highest speed tested). Adapted from Reference 124.

effective for locating and assessing corrosion of steel rein-
forcements with high accuracy. Overall, the laboratory
experiment concluded that embedded cement-based pie-
zoelectric sensors are suitable for corrosion monitoring in
concrete structures, highlighting the potential of self-
sensing sensors for SHM.

4 | RECENT AND NOTEWORTHY
FIELD APPLICATIONS OF SSC

Since SSC (especially ISSC) is a relatively new frame-
work, many solutions remain in the research phase, with
limited validation apart from small-scale samples in a
controlled laboratory environment. To further stress the
feasibility of the application of ISSC solutions in everyday
practice, three examples of field-tested ISSC studies are
reported here, chosen from the reviewed papers.

41 | Vehicle speed and human motion

The study reported in Reference 124 was intended as a
proof of concept for transportation monitoring, in the
sense of pedestrian motion detection and vehicle speed
monitoring. According to the authors of Reference 124,
the aim of their experimental investigation was to pro-
mote the practical applications of cement-based sensors

in concrete pavement or roads, thereby achieving Smart
Concrete infrastructures. From a SHM perspective, traffic
load monitoring can be a noteworthy contribution to the
fatigue assessment of existing infrastructures,'*” as also
pointed out by the recent growing interest in weigh-
in-motion technologies (see e.g.,'"*°'?*), which are never-
theless hampered by their high cost in their traditional
format.

In this study, 1 wt.% CNF-based sensors were con-
nected in series to form a 3 x 3 grid, embedded in small-
scale (450 x 450 x 120 mm) mortar slabs.

The sample preparation involved dispersing CNF in a
superplasticizer/water solution, mixing it with cement
and silica fume to create an electrically conductive paste,
casting specimens in molds with embedded electrodes,
and curing them for 28 days.

For human and vechicle motion detection, several
typologies of tests were performed, including laboratory
tests (Figure 1la) and field tests. These latter ones
included a Feet Up and Down Test (Figure 11c), a Jump
Motion Test (Figure 11e), and a Vehicle Speed Detection
test. For this last test, a 2013 Toyota Camry Altise was
driven upon the Smart Mortar slabs (Figure 11g).

All tests returned good results. For cyclic compression
tests, FCR variations followed well the loading and
unloading phases, both at 4 and 8 kN, even if a perfor-
mance decrease was observed peak after peak (see
Figure 11b). This hysteretic effect was observed in many
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other studies; this point will be further addressed in the
following sections. In the case of the Feet Up and Down
Test, the FCR values ranged from approximately —1.3%
to —1.0% when the feet were fully on the slab to around
—0.15% as the feet moved up (Figure 11d). The average
value of FCR at the peaks was approximately —1.09%,
corresponding to the first 10 cycles. However, it
decreased to —0.92% in later cycles after preloading. For
the Jump Motion Test, dynamic loads from jumping gen-
erated FCR peaks ranging from —2% to —3%. FCR
changes out of static body weight (i.e., dead loads) were
around 1%, resulting in the initial offset visible in
Figure 11f. However, the FCR values did not come back
to their initial value after jumping due to pushing force
and hysteretic behavior. Finally, for the vehicle speed
test, the sensors were capable of detecting the front and
back wheels (Figure 11h). Furthermore, a strong correla-
tion between the FCR and vehicle speed was found. In
particular, FCR seems to logarithmically decrease with
the vehicle's increasing speed (the tests, however, were
all performed at very low velocities: 2.0, 2.2, 3.0, and
3.5 km/h), indicating that the sensor could measure
and track vehicle velocity.

4.2 | Traffic detection and monitoring
pavement system

In 2021, in situ crack mapping of a large-scale concrete
pavement was performed by Reference 129 to validate
the field application of ISSC in airport pavements. Elec-
trical resistance tomography (ERT) was utilized to map
conductivity distributions and identify spatially distrib-
uted damage features.

Multi-walled CNT thin films were added to the
cement-aggregate interface via spray coating.'®* Concrete
casting was carried out directly using the MWCNT thin
film-coated fine and coarse aggregates. To optimize ERT
damage sensitivity and signal-to-noise ratio, prior
research*® was taken into consideration when designing
the SSC mix.

Conceptually, conductivity maps were obtained by
recording voltage readings to identify the positions,
forms, and degrees of internal damage features, such as
cracks and subsurface defects. Figure 12 shows a repre-
sentation of single and multiple damage detection and
localization using cuts made on samples. Specimens with
different sizes (100 x 100 mm, 200 x 200 mm, and
300 x 300 mm) were tested, with different typologies
and extensions of artificially added macroscopic damage.
The results in the specimens showed that the insertion of
progressive damage caused gradual conductivity changes.
Extended holes with significant conductivity increases, as
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FIGURE 12
(c) double diagonal cuts. Retrieved from Reference 129. ERT,

ERT results for (a) drilled hole, (b) single, and

electrical resistance tomography.

well as smaller drilled holes with moderate conductivity
changes, could both be accurately identified.

For full-scale testing, a 15 x 12 ft (4.6 x 3.6 m) pave-
ment concrete slab with four 18 x 12 in (0.46 x 0.30 m)
Smart Concrete regions was cast. The SSC regions were cast
using the same mix design as the rest of the pavement. The
slab with embedded sensors (Figure 13a—e) was then sub-
jected to Heavy Vehicle Simulator (HVS) testing to mimic
the loading conditions experienced by airport pavements by
applying aircraft wheel loads to the pavement. These simu-
lated long-term effects of aircraft traffic caused cracks and
other kinds of damage in the concrete pavement.

In this field application, the methodology correctly
identified and mapped subsurface (non-visible) cracks
and material flaws, as verified with ERT detection (see
Figure 13f,g for an example). In real-life applications, this
is expected to allow for early warning and timely mainte-
nance scheduling in pavement management.

4.3 | Weigh-in-motion SSC

The research study reported in Reference 131 describes
an application of self-sensing concrete with CNTs for
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FIGURE 13 (a) Geometry and size (0.46 x 0.30 x 0.10 m) of the self-sensing concrete boxes cast as a part of the (b) 4.6 x 3.7 m full-
length airport pavement slab, with the four smart concrete sections indicated with B1-B4. (c-e) Casting of self-sensing concrete boxes for the
field test: before, immediately after, and after curing (28 days). (f and g) Crack initiation comparison with ERT results as 11,000 cycles
showing successful crack detection. Adapted from Reference 129. ERT, electrical resistance tomography.

roadside vehicle detection. Pre-cast and cast-in-place self-
sensing CNT concrete sensors (Figure 14a,b) were inte-
grated into a controlled pavement test section at the Min-
nesota Road Study Facility (MnROAD), USA. Road tests
were carried out under a variety of environmental situa-
tions with a five-axle semi-trailer tractor-truck and a rela-
tively smaller van (Figure 14d,e). To compare the
effectiveness of CNT concrete sensors against conven-
tional strain gauges (installed in both the cast-in-place
and pre-cast variants) for vehicle detection accuracy, the
analysis concentrated on measuring the electrical resis-
tance changes in the sensors in response to passing heavy
and light vehicles (Figure 14f).

The strain gauge recordings were compared with the
CNT concrete sensors' voltage signals, showing that both
types of sensors detected the presence of a truck at the
same time as it passed over them. Additionally, the CNT
concrete sensors seemed to exhibit better detection accu-
racy than the strain gauges. The authors explain this
result due to the greater sensing surface of the CNT sen-
sors, which should enable more thorough data collecting.
Finally, comparing the test results at different speeds and
with different vehicles, it was indicated that the CNT
concrete sensors consistently exhibit stable and repeat-
able capabilities for detecting traffic flow. Nevertheless,
the authors highlighted that the limited sample size for

road tests may impact the generalizability of results. Also,
they pointed out many general issues of ISS that will also
be discussed later in Section 5 in more detail: outdoor
environmental factors such as weather conditions could
influence sensor performance; maintenance require-
ments for CNT sensors may be higher compared to con-
ventional (surface-attached) sensors; further research
needed to explore the long-term durability and reliability
of CNT sensors; and that the cost implications of imple-
menting and upkeeping CNT concrete sensors on a larger
scale need to be assessed.

5 | DISCUSSION AND KEY
CONSIDERATIONS

From the reviewed scientific articles, a few points have
emerged that should be attentively considered when
designing an ISSC system. These are listed here below.

5.1 | Effects of setup parameters

The first key point is that, all else being equal, ISSC sys-
tems respond differently to different setups—namely,
loading conditions and electrical parameters.
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FIGURE 14 (aand b) Setup
and casting of the self-sensing

pavement tracts. (c) Self-sensing
concrete setup with electrodes,
steel bars, and strain gauges.

(d and e) Road test setup with
the five-axle semi-tractor trailer
truck and the lighter van. (f)
Results of truck passing at a
higher speed of 20 mph (32 km/
h): (A) cast-in-place CNT
concrete sensor, (B) pre-cast
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Regarding these latter ones, both the anode and the
cathode must be connected to the composite, and
the flow of current should be directed from the anode
toward the cathode. The sensor should be connected to
an LCR meter, which is an electronic device used for
measuring inductance (L), capacitance (C), and resis-
tance (R). The LCR meter can be used to measure the
electrical conductivity, resistivity, and permittivity using
electrical impedance spectroscopy (EIS). EIS applies an
AC to the sensor and measures impedance rather than
direct resistance. As discussed before, AC is preferred for

cement-based sensors to reduce or minimize electrode
polarization. The polarization of DC leads to changes in
resistance over time as the sensor or capacitor becomes
charged and thus can generate opposing currents.'*

For all the reasons reported here and in previous Sec-
tions, the use of a four-probe setup is strongly encouraged
over the relatively easier, yet less accurate, two-probe
alternative. Electrode placement is particularly critical in
flexural testing scenarios, such as three-point bending
tests, where electrodes should ideally be positioned close
to support regions.'*
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FIGURE 15
change in (longitudinal) electrical resistivity.

It is noted that EIS measurements occur across a spe-
cific frequency range. For cement-based sensors, a fre-
quency range of 0.1-100kHz is commonly used.
Literature indicates that at 100 Hz, the impedance
remains practically constant, indicating proximity to its
real part. The upper limit serves as a reference value for
electrical resistance.'*?

A few considerations are essential for real-life field
applications regarding the different loading conditions.
In fact, not all load scenarios can be detected by employ-
ing ISSCs—or detected with the same accuracy.

In general terms, samples of the Smart Concrete of
interest should be preliminarily laboratory tested in a
controlled environment for (i) pure tensile, (ii) pure com-
pressive, and (iii) flexural (bending) conditions before in
situ deployment. When performed with increasing
quasi-static loads, these tests will determine the mini-
mum critical load for detectability and the tolerance of
the measurement. For damage detection purposes, they
should preferably be carried on till failure, also tracking
the occurrence and growth of visible (e.g., surface)
cracks. Tests with dynamic loads can be performed as
well to evaluate the Smart Concrete capabilities to iden-
tify sudden changes in FCR. In this case, multiple cycles
of increasing and decreasing loads are typically applied.
It is suggested that these cyclic test procedures should be
applied for all load configurations.

As graphically shown in Figure 15 for the three load-
ing conditions of interest, bending-induced strain states
are the most difficult to accurately estimate. As already
mentioned in the earlier Sections, this derives from FCR
being directly proportional to the axial strain, which is
not constant along the cross-section of a bent beam

b FLEXURALLOAD

@—

\ 4

COMPRESSIVE LOAD

Graphical representation of FCR for different loading conditions. Image retrieved from Reference 32. FCR, fractional

element. Conversely, pure compression/pure traction
results in uniform shortening/elongation, which results
in more clearly defined increases/decreases in FCR. In
this regard, compressive strength is not monotonic due to
concurring phenomena. In the first phase, under compac-
tion pressure, the distance of conductive particles
decreases, thereby improving the conductive network
within concrete (zone A). Then, this is compensated by
the destruction/reconstruction of the conductive net-
work, in concomitance with the development of micro-
scopic cracks (zone B). Finally, the expansion of cracks
results in the disruption of the conductive network
(zone C).*

If the resulting mechanical stresses did not exceed the
elastic range of the composite, upon unloading, the FCR
should return to its initial value, reflecting the elastic
recovery of the material.®” The potential occurrence of
cracks not recovered during unloading would result in a
residual FCR value due to the newly added contact
resistivity. These irreversible changes in the electrical
resistance of the composite are a strong damage-sensitive
feature for the embedded structure®; however, fiber and
nanotube damages, unrelated to the macroscopic health
condition of the composite as a whole, may cause resistiv-
ity drops as well in the long term. The issue of these con-
founding influences has not yet been completely solved.

5.2 | Effects of different fillers on
sensitivity parameters

Table 6 summarizes the effects of different functional
fillers at different volume fractions on three sensitivity
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TABLE 6 Some examples of sensitivity comparison of different fillers.

Sensitivity parameters

Mix FCR Resistivity
Filler type type Percentage of filler (vol.%) -) Gauge factor (—) (Qm) References
SF Cement  0.50 - 350.82 before 135x10° 2
mix cracking, 87.26 after
1.00 - 364.35 before 1.05 x 10°
cracking, 155.98 after
1.50 - 374.34 before 1.05 x 10°
cracking, 164.44 after
2.00 - 417.62 before 0.91 x 10*
cracking, 156.44 after
Cement 1.50 (30 mm long twisted SFs) - 138.09 0.55 x 10° 143
mortar 1.50 (30 mm long smooth SFs) - 99.85 1.09 x 10°
1.50 (30 mm long hooked SFs) - 88.50 1.75 x 10°
1.50 (20 mm long twisted SFs) - 139.68 1.14 x 10°
1.50 (19 mm long smooth SFs) - 99.70 3.52 x 10°
1.50 (13 mm long smooth SFs) - 52.90 6.29 x 10°
Concrete  1.00 (30 mm long smooth) + 1.00 (19 mm 0.73 - 0.21 x 10° Lad
long smooth), Type 0.8 cement
1.00 (30 mm long smooth) + 1.00 (19 mm 0.45 - 0.97 x 10*
long smooth), Type 1 cement
CF Cement 0.5 0.72 1603 =
paste
Concrete  0.50 (5 mm long CF) 037 - = B
2.00 (5 mm long CF) 1.01 - -
3.00 (5 mm long CF) 1.32 - -
Nano GP Cement  5.00 - 156.00 - e
paste
CF, CNT Cement  0.10 CF, 0.50 CNT 025  160.30 -
P 0.15 CF, 0.01 CNT 023 - - v
SF, CNT Concrete  2.00 straight 13 mm long SF, 0.50 CNT 024  67.80 - 1%
2.00 straight 19.5 mm long SF, 0.50 CNT 0.33 46.40 -
2.00 straight 30 mm long SF, 0.50 CNT 0.63  36.50 -
2.00 twisted 30 mm long SF, 0.50 CNT 0.59 39.00 -
Conductive ~ Mortar 50.00 clay, 0.60 CF 013 - =
clay, CF 30.00 clay, 0.60 CF 017 - -
30.00 clay, 0.90 CF 0.16 - -

Abbreviations: CF, carbon fiber; CNT, carbon nanotube; FCR, fractional change in (longitudinal) electrical resistivity; GP, graphite powder; SF, steel fiber.

parameters: the aforementioned FCR, base material 5.3 | Effects of different fillers on
piezoresistivity p,, and the GF. Regarding this last param- ~ macroscopic mechanical properties

eter, it should be recalled that higher values are prefera-

ble since they amplify the strain estimated from the very =~ As mentioned, the addition of conductive filler often
low sensed FCRs. For other examples of similar studies, involves a decrease in the mechanical properties of the
refer to References 112,134-142. Smart Concrete with respect to its original counterpart;
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this applies either to conventional RC'*” and UHPCs.'*®

The root cause is generally the disruption of the concrete
matrix induced by the presence of the conductive net-
work. The scientific literature contains numerous studies
related to the effect of CFs and SFs on the compressive
and flexural strength of the composite mix, whereas only
with more recent developments there have been studies
regarding CNTs and other nano-based fillers.

Regarding the ultimate compressive strength of the
material, the incorporation of different percentages of
CNTs and nanofibers may have different effects on the
relative compressive strength of the composite mix. In
general terms, the compressive strength may increase
with the increase in the filler content but decreases
beyond a critical value.'*"1°?

According to Reference 149, when carbon nanofillers
are widely dispersed, they can embed or coat within
hydration components, such as the amorphous C-S-H
gel. This process serves to reinforce the hydrates by act-
ing as inert fillers for gel pores and creating bridges
between adjacent gel particles. Also, it promotes the for-
mation of denser C-S-H gel, enhancing stiffness and
resisting crack formation and propagation through pin-
ning, bridging, and pull-out effects, thus absorbing load-
ing energy.

On the contrary, during the mixing process, nano-
additives possess a high specific surface area and strong
water absorption capacity, which leads to the absorption
of free water and  superplasticizers.  This
absorption increases the plastic viscosity of the fresh
paste, hindering the escape of entrapped air. Also, the
formation of flocculating constituents can hinder the
hydration process by separating clinker and water. An
increased dosage can result in the emergence of two
weak zones within the matrix, that is, harmful pores
(large capillary pores and air holes with pore size exceed-
ing 50 pm) and agglomerated nanofiller bundles."**'>°

The effect on mechanical properties by zero-
dimensional carbon nanofillers (CNB) is more accentu-
ated, possibly due to their sphericity, which causes a lack
of cohesion and frictional resistance within the cement-
based matrix. Also, nanoscale CNB, characterized by
high surface energy, may capture cement particles and
trap water, influencing cement hydration and hardening
processes. Thus, they exhibit negative effects on mechani-
cal properties comparable to one-dimensional (e.g., CNT,
TWCNT, CNF) and two-dimensional (e.g., GNP) carbon
nanofillers. These effects compete and reach equilibrium
at the coefficient of inconsistency (CIC) with changes in
the amount of carbon nanofillers incorporated. It is also
observed that the compressive strength of ISSC decreases
monotonically with increasing CNB content, indicating
the positive effect on mechanical properties brought by

Jib1—

zero-dimensional CNB.*! Conversely, some studies
(e.g., Reference 153) propose the use of some of these
functional fillers, such as high volumes of fly ash, to
improve some mechanical properties (e.g., tensile ductil-
ity) even if at the cost of reduced ultimate compressive
and tensile strength, and/or to design strain-hardening
cementitious composites.

Regarding the flexural strength of Smart Concrete for
nanotubes, nanofibers, and SFs, the cohesive bond
between the fibers and the matrix enhances the crack
resistance of the flexural behavior, due to the bridging
effect of the fibers.'*® On the other hand, functional
fillers can also interfere with the cement matrix causing
negative effects which lead to multiple visible cracks in
regions where the matrix is weaker than the
bond."*"">%>! Some studies have reported inconsistent
results®®; nevertheless, many cases present strengths
much larger than 100%, even up to 225%. However, as for
UHPCs, it should be recalled that increased ultimate
strength could be achieved at the cost of ductility and
other key factors.”®>%1>!

The lower elastic limit in comparison to plain con-
crete is, as for the ultimate strength, generally attributed
to the disruption of the concrete matrix, which causes a
loss of elastic deformation capacity.

6 | CURRENT CHALLENGES AND
FUTURE DIRECTIONS

In this Section, the limitations and challenges associated
with the applicability of ISSC are discussed; potential
solutions are proposed as well.

6.1 | Durability and longevity

The main difficulties for ISSC's survivability over an
extended period arise from environmental exposure and
material compatibility. The potentially damaging factors
include temperature, moisture content, and humidity. In
particular, moisture in concrete can change the conduc-
tivity of concrete composite mix. In wet or cold regions,
factors such as the dry-wet cycle, ice formation, and the
freeze-thaw cycle can negatively influence the electrical
resistance of self-sensitive concrete over time. All these
degradation effects result in the reduction of the lifetime
and accuracy of the sensing capabilities of the cement
composite.

Unlike physically attached sensors, embedded sensing
capabilities cannot be replaced following sensor faults.
Furthermore, the structural components (where the func-
tional fillers are mixed in) need to last as long as the
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project’s required design life, which can be in the order of
50 or 100 years for critical RC infrastructures. Even com-
mon RC is well-known for its degradation issues during
such long timeframes.

Material compatibility is another important factor
when dealing with the durability of self-sensing systems.
As ISSC involves the incorporation of different materials
in the concrete mix, these materials need to be compati-
ble with each other for accurate results in the sensing
mechanism. Potential incompatibilities which produce
negative results may occur due to differences in thermal
expansion coefficients, unwanted chemical reactions, or
different mechanical properties between the incorporated
materials and concrete mix.'>* For example, when using
nanomaterials within the composite mix, specific dispers-
ing agents and techniques are necessary for accurate
sensing results. Thus, this compatibility between the
materials to be incorporated and the concrete mix greatly
influences the durability and reliability of ISSC.

6.1.1 | Potential solutions

Several alternatives can be investigated, independently or
jointly. For instance, protective coatings, encapsulation
techniques, and/or improved fillers should be studied. It
is also possible to optimize the sensor-concrete interface
and compatibility, for example, by employing novel sur-
factant compositions during the mixing phase. Dispersion
techniques, especially for what concerns nano-based
composites, should be refined by means of laboratory
tests. Finally, self-sensing can be paired with self-heal-
ing'>® capabilities. However, incorporating both technol-
ogies at once will increase complexities and measuring
parameters, decreasing reliability.

6.2 | Limited sensing range and accuracy
The sensing range refers to the distance over which any
sensor can effectively detect and measure the desired
physical properties. In ISSCs, the “sensors” are embedded
within the concrete matrix, which inherently expands the
range to wherever the enhanced cement is cast but limits
their ability to sense properties beyond a certain distance
from their location in other structural components. In
this regard, signal attenuation is an issue. As the electri-
cal signals travel through the conductive network inside
the concrete matrix, they experience attenuation, mean-
ing they gradually weaken with distance. This attenua-
tion reduces the effectiveness over greater distances. The
properties of the concrete itself, such as its composition,

density, and moisture content, can affect the propagation
of sensing signals. Finally, external factors such as elec-
tromagnetic interference or physical obstructions within
the concrete can interfere with the sensing range.

Furthermore, the accuracy of the sensors in SSC may
vary depending on the same factors, that is, signal inter-
ferences and environmental conditions, plus due to
improper sensor calibration. This results in lesser accu-
racy in the data with a significant limit on the effective-
ness of the SHM system. Previous studies have shown
that temperature and humidity can alter or interfere with
accurate sensing mechanisms.'>*'*® Of course, the qual-
ity of the dispersion in the mixture plays a major role as
well.'”’

6.2.1 | Potential solutions

Regarding the sensing range, affordable and cost-effective
sensor designs and manufacturing techniques will help.
Regarding sensor accuracy, solutions at the hardware
level are difficult to foresee, at least in the current frame-
work. Thus, it is most likely that future advancements in
these regards will be carried by software developments.
For instance, novel and more effective algorithms and
calibration techniques could increase the sensing
accuracy.

6.3 | Confounding influences of
shrinkage and creep

Concrete shrinkage (i.e., the volumetric decrease induced
by a change in the moisture content) and creep
(increased strain and deformation under equal but sus-
tained loading over time) are two potential confounding
factors. As damage-unrelated deformations, they affect
the viability of strain monitoring as a damage proxy. In
particular, the effects of shrinkage may be quite relevant.
Nominally identical specimens with CF, CNT, and CB
have been proven to perform differently after 7, 28,
90, and 180 days of curing.'>® Variations induced by the
moisture content have been reviewed in detail in
Reference 159.

Conversely, in a damage-free scenario (e.g., during
concrete curing), ISSC may be used to monitor concrete
drying, due to their humidity-sensitive property. This
mainly happens due to water absorption/desorption at
the filler-matrix interface; basically, the presence of
water affects the contact resistance between the filler and
the matrix, thus leading to variation in the bulk electrical
resistance of sensing concrete.*

85UB0 1 SUOWWIOD aAIERID 9|cedldde ay) Ag peusenob e Ssjo1e YO ‘8sN JO S3|nJ Joj Akeld1]8uluO 3|1 UO (SUOTIPUOD-PUe-SLLBIAW0Y A3 | 1M A.g 1 pu 1 Uoy/:SdL) SUOIIPUOD pue Swie | a1 88S *[7202/60/60] U0 Akeiqiqauljuo A8|IM ‘oulio 1 11od [ed 1q!g SIS 0uLo L 1Q 001ude}|0d - 00 N BIBAID AQ ¥T.00720Z 09NS/Z00T 0T/I0p/wWoo A8 |Im Ae.q 1jput|uo//sdny wouj pepeojumod ‘0 ‘89, TSLT



CIVERA ET AL.

6.3.1 | Potential solutions

The admixture of short fibers itself has been proven to
decrease drying shrinkage (see e.g. Reference 160).
To further reduce unwanted concrete shrinkage, Refer-
ence 161 investigated the effects of added expansive
agents and shrinkage-reducing admixtures on the self-
sensing properties of CB-enhanced mortars.

6.4 | Periodic calibration and
maintenance

As for any sensing device, improper calibrations can
result in erroneous or inaccurate measurements and
below-average SHM performance of the sensor. In ISSC
materials, calibration is a complicated issue, both at the
beginning and at periodic times for recalibration. This
issue is exacerbated by the aforementioned low durability
of many fillers, as well as by the need for high precision
and reliable measurement to detect damage growth in its
earliest stages. This contrasts with the relatively low
repeatability of measurement even in newly-casted, non-
aged specimens, even without accounting for the effects
of prolonged outdoor exposure to harsh environmental
conditions. For all these reasons, the calibration of Smart
Concrete solutions currently requires skilled operators
and careful implementation. This hampers their wide-
spread use and raises the related costs.

Also, since damaged sensing capabilities cannot be
repristinated (differently from removable surface-
attached sensors), the recalibration issue is critical. Thus,
engineers and SHM system designers need to develop a
strict schedule for regular upkeep and long-term perfor-
mance optimization.

6.4.1 | Potential solutions

It is suggested to utilize specialized and standardized
equipment and expertise for accurate calibration at the
deployment in situ and to establish a recalibration sched-
ule, either time-fixed or condition-based, according to the
expected durability of the filler and the other components
of the concrete mix.

6.5 | Cost and scalability
The implementation of ISSC can be costly due to both
initial installation and subsequent maintenance.

The initial costs are currently high or very high due
to the expensive nano- and micro-materials to be

Jib—=

incorporated into the concrete matrix. This can signifi-
cantly impact the overall price of the building project.
However, effective techniques such as nano-engineering
the aggregates could greatly reduce the associated cost,
thus allowing successful implementation of SSC at the
industrial level, also profiting from scale economy if and
when their use becomes more mainstream.

The lower workability of ISSC compared to conven-
tional RC also increases construction costs, as attested for
CF, CNT, and others,'®* with different levels of severity.
All these functional fillers require the further use of
superplasticizers or high-range water reducers to com-
pensate, making them costlier.

Long-term maintenance costs are another major
drawback due to the current low durability and the
nature of a material-embedded solution. As mentioned,
unlike physically attached sensors, the conductive com-
ponents inside the concrete cannot be removed and
replaced unless a very complicated and expensive retrofit-
ting or partial reconstruction work is performed.

In this regard, low-cost materials, fabrication tech-
niques, and pouring techniques will be needed for large-
scale applications in everyday construction sites.

The industrial development of Smart Concrete is fur-
ther potentially hampered by legislative issues, which
will require the development of standards, codes, and
protocols, as well as the scalability issues of the SHM
framework as a whole; that is to say, the massive collec-
tion, processing, and analysis of big data generated by
ISSC systems, which is a yet unsolved challenge on
its own.

6.5.1 | Potential solutions

Novel budget-friendly materials (fly ash, silica fume,
etc.), mixture designs, and (if possible, automated)
manufacturing processes, such as the very recently pro-
posed use of 3D printed self-sensing cementitious com-
posites’®®, can be explored and tested. Also, artificial
intelligence can be used to optimize the fabrication pro-
cess of the SSC, resulting in lower costs.'®*

6.6 | Data processing and interpretation

The main difficulties in the ISSC data analysis process
stem from the large amount of data to be processed and
the need to perform it as much as possible in an unsuper-
vised fashion. These are the same main requirements as
for any permanent, extensive SHM system, with the
added difficulty of the (often) low repeatability of
the measurements and the difficult interpretation of the
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data'>*'*® Another issue rarely addressed in the current
literature is that the conductive ISSC materials exhibit
dielectric properties that result in the accumulation of
charge when subjected to a constant electric field. This
accumulation generates an electric field that opposes the
applied field. As a macroscopic effect, this behavior leads
to a decrease in the electric current flowing through the
material over time when a constant voltage is applied.'®

Furthermore, as for any SHM system, sensed raw data
needs to be converted into usable information; however,
these are software-related aspects that deviate excessively
from the aims of this review.

6.6.1 | Potential solutions

Data processing and intepretation will need the develop-
ment of computationally efficient, robust, and scalable
software solutions, that is, algorithms and data analysis
techniques, potentially also fast enough to enable real- or
quasi-real-time signal processing and analysis. In particu-
lar, big data analysis can benefit from the latest advance-
ments in machine learning (ML) and artificial
intelligence to automate the interpretation of the sensor
data.’®® ML algorithms can be used to train systems based
on experimental data to detect damages or cracks within
the self-sensing systems.'®”'%® Artificial neural networks
(ANNS) can be used to predict concrete properties such
as compressive strength as well as electrical resistivity.'®
The research work described in Reference 170 reports a
comparison between traditional techniques and Deep
ANNSs for damage detection and localization via EIT, test-
ing both MWCNT and graphene nanosheets (GNg).
Finally, apart from data interpretation, user-friendly soft-
ware tools with intuitive graphical user interfaces and
visualization will be needed to expand the accessibility
and easiness of use to non-expert operators.

6.7 | Concluding remarks on current
limitations for industrial uses

In 2019, the authors of Reference 171 presented the
results of an interesting survey of 78 experts, including
consultants and clients from the concrete industry sector.
The responses highlighted the following points as the
main limitations to the widespread use of ISSC: upfront
costs of the material (61.5% of the respondents), lack of
industry standards and guidance (ca. 50%), technical
understanding (35.9%), and lack of familiarity (slightly
less than 35%).

As already discussed in the previous parts of this dedi-
cated Section, most of these aspects remain to be solved

five years later. However, from a comparison with a simi-
lar previous survey (2017) from the same first author'’?,
the respondents’ familiarity with ISSC increased from
32% to 37%; hence, it is likely that the public perception
of these innovative sensing solutions has been improving

since then.

7 | CONCLUSIONS

In Italy, Western Europe, and most of the developed
countries, the aging of concrete structures and infrastruc-
tures poses a relevant structural risk. SHM and novel
construction materials are both needed to ensure a safer
and more resilient built environment. By integrating
load-bearing and sensing capabilities, Smart Concrete is
intended to address all these necessities.

This review work was primarily aimed at assessing the
applicability of resistance-based ISSC solutions for uses in
civil engineering. Based on reported experimental tests
with both laboratory and field validations, these novel
technologies are justified not only for SHM but also for
traffic detection, temperature and hydration monitoring,
and other related applications. For SHM purposes, all
these recorded data can provide important insight both on
damage development—for example, crack initiation and
growth, as well as degradation-induced loss of material
strength—and damage-unrelated ambient effects.

The limitations and challenges posed by these tech-
nologies have been thoroughly discussed, coupled with
the solutions proposed by several authors in the pub-
lished scientific literature to date. Arguably, there is still
room for technical improvement. The large-scale imple-
mentation of ISSC in standard construction practices will
require these advancements.

Based on the findings of this review work, it is advised
to use Smart Concrete solutions only after proper labora-
tory calibration with destructive tests, performed over a
statistically relevant number of specimens and using dif-
ferent setups and loading conditions. For field application,
the use of ISSC in structural subcomponents under con-
stant compressive or tensile stress, such as bridge piers,
should be preferred over their use in components mainly
undergoing bending stresses such as bridge decks. Under
long-term cyclic loads, such as the ones induced by sea-
sonal or daily temperature fluctuations, residual changes
in resistivity can be linked to the occurrence of cracks
inside the material, thus allowing for damage detection
and diagnosis. The use of diffuse ISSC throughout several
components or at different positions would also potentially
allow for damage localization. However, these potential
applications are hampered by the relatively low durability
of the current functional fillers over prolonged use.
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Nevertheless, the economic and practical potential of
fully embedded, diffused self-sensing capabilities represents a
compelling scenario for the construction industry. For these
reasons, the current obstacles to their widespread use —such
as limited sensing range, poor durability, need for periodic
recalibration, high deployment and maintenance costs, and
low scalability—will likely be overcome in the near future.
These novel and promising hardware tools will pair well
with the most recent advances in machine learning and arti-
ficial intelligence for damage detection and assessment.
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