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Abstract: In recent years, cement-based smart composites (CSCs) doped with conductive filler have
attracted increasing research interest because of their high potentiality as self-sensing materials for
civil Structural Health Monitoring (SHM) applications. Nevertheless, several issues are still open
and need further studies. This paper presents an extensive state-of-the-art in which investigations
on CSCs are summarized and critically revised, with the primary aim of outlining the main limits
and development points. The literature review first addresses in detail several specific issues related
to fabrication and operation as sensing elements of CSC samples. State-of-the-art applications of
CSCs to SHM of reduced-, medium- and full-scale structural prototypes are extensively reviewed
afterwards, resulting in a database useful to critically revise the main trends and open issues of the
research in this field.

Keywords: cement-based smart composites; civil Structural Health Monitoring; strain sensors;
concrete structures

1. Introduction

Most infrastructures around the world are made of concrete, which represents one
of the most used materials for human purposes, second only to water [1]. Despite con-
tinuous and significant advances both in technology and design of reinforced concrete
(RC) structures, there is a large stock of existing structures and infrastructures that are
experiencing deterioration phenomena or functional obsolescence [2,3]. As a matter of fact,
in the last decades the effective management and maintenance of existing structures has
become increasingly crucial in Europe and worldwide, and Structural Health Monitoring
(SHM) has been recognized as a paramount tool in this concern. Indeed, SHM systems
are aimed at automatically identifying damage occurrence on the monitored structure,
evaluating also location, severity and potential consequences, by means of continuous
in-situ non-destructive sensing and analysis of damage features characterizing the health
state of a structure [4]. The timely detection of structural distress at very early stages
has an impact on both safety and economic management [5]. Nevertheless, the desirable
large-scale application of SHM technologies has been hindered by the combination of
several limits, such as the large dimensions of civil structures and practical limits of tra-
ditional monitoring technologies. Accordingly, successful SHM systems applied to large
infrastructures often need several conventional off-the-shelf sensors to ensure adequate
spatial resolution of measurements, and they often cannot be easily integrated in the host
structure [6,7].

Within this framework, the development of innovative integrated biomimetic SHM
systems for civil structures based on the use of cement-based smart composites (CSC) has
gained more and more attention in the last decades, also following the relevant progress
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in the field of nanomaterial synthesis [8]. Basically, CSCs exploit the piezoresistive effect
induced by internally dispersed conductive fillers, namely the capacity of the electrical
resistivity to change due to mechanical actions. Thus, by measuring the variation of
electrical resistivity, strain can be monitored. Self-sensing materials for SHM allow capital-
izing a series of potential benefits if compared to off-the-shelf sensors: high gauge factor,
material compatibility, lower disturbance of the mechanical behavior of the hosting mem-
ber, reduction of costs and complexity of installation because sensors can be embedded
without varying the original design of the hosting member, limited probability of sensor
failure [9,10]. From an economic point of view, in recent years there has been a significant
reduction of filler fabrication costs whereby carbon-based nanomaterials are currently
characterized by affordable unit costs (ranging from 10 $/g to 150 $/g depending on type,
purity and dimensions); taking into account the very low filler concentration (typically 1%
by weight of cement) and the little volume usually characterizing CSC sensors, they can
be fabricated in large amount at affordable cost nowadays. As a result of the previously
mentioned advantages, CSCs are ideal candidates for the development of biomimetic SHM
systems able to mimic structure and functions of the human nervous system by means of
densely distributed CSC sensors which capture local strain signals continuously processed
by a central unit (Figure 1). CSCs also find other relevant applications related to civil SHM,
such as traffic detection [11] or weigh-in-motion [12]. However, these applications are out
of the scope of the present study.
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Since the first studies on the piezoresistive behavior of CSCs, which date back to the
early Nineties [13], significant research efforts by many research groups from all over the
world have focused on numerous different aspects in the development of self-sensing CSCs,
mostly related to material optimization. On the contrary, the number of research studies
focused on issues functional to the application of CSCs to structural monitoring of real
structures or structural components is currently limited, even if those aspects are worthy
of investigation. While few research studies are so far available in the literature about the
application of CSCs to structural prototypes, particularly at full-scale, their comprehensive
review is relevant to disclose the promising applicative perspectives of CSCs in civil SHM
and to identify critical aspects to investigate further.

This review study first reports a detailed analysis of relevant aspects and recent
trends related to CSCs as self-sensing materials (Section 2). Research studies focused
on applications of CSCs to civil SHM are reviewed afterwards (Section 3). Finally, the
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outcomes of this extensive literature review are critically discussed (Section 4) in view of
the identification of the main limits and development points towards CSC-based SHM
applications to full scale structures.

2. Fabrication and Operational Issues

CSCs basically have a multi-phase nature. Macroscopically, two phases can be as-
sumed, namely the cementitious matrix and the dispersed conductive filler. The cementi-
tious matrix is characterized by electrical resistivity values ranging between 106 and 109

Ω·cm, so it may be referred to as the non-conductive phase. Such component is often
cement paste, sometimes mortar, rarely concrete. The conductive phase usually consists of
materials such as steel fibers (SFs), carbon fibers (CFs), carbon nanotubes (CNTs), carbon
black (CB) or less frequently other nanomaterials: they are either used alone (single-
doping) or combined into hybrid solutions (multi-doping) to enhance performance [9].
SFs represent the early functional filler for cementitious matrix. Originally developed as
reinforcement solution in order to enhance the tensile strength of the base material [14], the
SF capacity of improving electrical conductivity of the matrix was recognized afterwards:
since then, the strain-sensing attitude of SF-doped RC has been investigated [9,15]. Typical
SFs are characterized by diameter (D) ranging between 0.025 to 0.6 mm and length (L)
from 3 to 30 mm depending on the intended use [16,17]. Despite the good mechanical
and electrical properties of SFs, the sensing capacity was strongly affected by corrosion,
so the use of carbon-based materials for CSCs has been considered as an alternative. CFs
are characterized by several excellent properties including high electrical conductivity and
corrosion resistance, due to the huge carbon content (larger than 92%-weight) [18] and
high aspect-ratio [19]. Typical dimensional ranges (min-max) of CFs are 7–18 × 10−6 mm
(D) and 3–30 mm (L). CFs are currently available on the market at relatively low cost, and
they represent the most studied functional filler in the literature [13,20–22]. On the other
hand, CNTs have recently gained more and more popularity as functional filler for CSCs
since they are characterized by better mechanical and conductive properties with respect
to CFs [23–25]. Discovered by Iijima in 1991 [26], CNTs consist of carbon atoms bonded
in a helical crystalline structure. Two different forms are available, namely single-wall
(SWCNTs) and multi-wall (MWCNTs) carbon nanotubes, consisting of one cylindrical
lattice of carbon atoms and multiple concentrically positioned helical lattices, respectively.
SWCNTs have thickness of a single atom and diameter (D) ranging from 0.4 to 3 nm,
whereas MWCNT diameter (D) ranges between 1.4 and 100 nm. CNTs are characterized by
very high aspect ratio able to ensure high electrical conductivity. Nevertheless, the main
obstacles to the wide application of CNTs in CSCs are the high dispersion complexity and
the higher cost with respect to CFs [27]. Differently from fiber-shaped materials, CB is
a powder composed of conductive particles able to reduce the electrical resistance and
enhance the density of cementitious matrix, although with negligible capacity in improving
tensile mechanical properties [28]. The lower cost and dispersion complexity make CB
an attractive solution for CSCs even if the low aspect ratio implies less effectiveness in
enhancing the electrical conductivity of the composite: as a result, CB is often used in
hybrid mixings in combination with fibrous filler [29,30].

Actually, there is frequently a third component in CSCs, the dispersant agent. Indeed,
the dispersion of micro- or nano-scale filler into the cementitious matrix is commonly rec-
ognized as a challenge, especially for those conductive phases characterized by high aspect
ratio with considerable attractive area forces and high probability of agglomeration [31].
The typical dispersant materials are of two types, surfactant and admixtures, with the
common aim of a more efficient and homogeneous dispersion of the conductive filler into
the matrix; this typically yields a reduction of filler amount and costs of dispersion, as well
as enhanced and stable mechanical and sensing performance of CSCs [32].

During the fabrication process of CSCs involving the above-mentioned components,
several issues may affect their main mechanical and sensing performances. Critical aspects
are, among the others, mix design, dispersion of functional filler, curing process, electrical
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system configuration, durability and environmental effects. A detailed and critical discus-
sion, in view of civil SHM applications, on findings from the literature concerning such
issues is reported in the following sections.

2.1. Mix Design

CSC mix design concerns the definition of the optimal proportions among the different
components. First of all, an appropriate concentration of functional filler has to be defined,
taking into account the percolation threshold [33]. If an insufficient amount of filler is used,
no conductive network is created into the matrix microstructure, and negligible changes
of conductivity can be measured. Adding filler while remaining under the percolation
threshold, the electrical resistivity strongly decreases with respect to the original value
(corresponding to the matrix alone). In fact, increasing the relative amount of filler yields
shorter and shorter conductive paths until the percolation threshold is exceeded; after
that, appreciable changes of resistivity are no more observed [20,34]. In the presence of
fine aggregates within the matrix, double percolation has to be considered [29] involving
both filler and cement paste percolations: with increasing sand/cement ratios, the filler
percolation threshold considerably increases. It is worth noting that the piezoresistive
behavior of CSCs does not depend only on the amount of filler, but also on its dispersion
into the cementitious matrix. In fact, even in the presence of relatively low filler concen-
tration, if the gap between two generic adjacent filler particles ranges between 1 nm and
10 nm, conduction occurs through the cementitious matrix because of the transition of
electrons through particles immersed into an electrical field (tunnelling) [35]. The best
sensing performance of CSC is therefore achieved for filler concentrations corresponding to
the coexistence of both conditions (effective dispersion, and concentration lower than the
percolation threshold), although filler type and aspect ratio considerably affect the quantifi-
cation of the optimal filler amount: in fact, the longer the conductive elements, the lower
the percolation threshold and the tunnelling effect. Typical values of filler concentrations
reported in the literature are about 5% for CFs and SFs, 1% for CNTs, and 10% for CB [36].

The mix design of the matrix starts from the conventional proportion for the consid-
ered typology (cement paste, mortar or concrete). However, the introduction of functional
filler as well as dispersant agent has to be properly accounted for since both components
affect workability at fresh state along with rheology and mechanical properties [37]. The
key parameter governing those aspects is the water-to-cement (w/c) ratio. Theoretically,
higher w/c values improve workability and effectiveness of fillers dispersion within the
matrix. On the other side, large w/c ratios affect the mechanical properties of CSCs. Due to
the complexity of the involved phenomena, a trial-and-error approach is generally adopted
in the literature to obtain the best mixing proportions for assumed components [38]. Typical
w/c ratios are set within the range 0.4–0.6, depending on the effective mixing composi-
tion [39]. Another major parameter related to mix design of CSCs is the possible presence
of aggregates, fine or coarse, and the amount with respect to cement. The addition of
aggregates to the cement paste decreases the electrical conductivity of the matrix and such
effect is proportional to the aggregate diameter; thus, the sensing capacity decreases as
aggregate dimension increases. In addition, coarse aggregates provide detrimental effect on
dispersion effectiveness and create obstacles to the conductive passage [40]. Nevertheless,
if sand amount is properly defined, higher electrical conductivity can be obtained due to
the reduction of voids in the matrix [16]. Similarly, some studies report the addition of
fly ash and silica fume to minimize matrix porosity and enhance the sensing properties
of CSCs [41]. Alternatively, or in addition to the mineral admixture, plasticizers can be
introduced during the mixing process in order to ensure sufficient workability of the paste
and preserve both mechanical and rheological behavior [42].

2.2. Dispersion

The filler dispersion is the most critical stage of the CSC fabrication since its effec-
tiveness strongly affects both mechanical and sensing properties. This task is particularly
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challenging for several reasons. Indeed, due to the size of functional fillers (generally,
micro- or nanoscale), such conductive particles, even if present in very low amount, are
characterized by huge superficial areas and, therefore, high Van der Waals interaction forces
among them develop [43]. Because also of their hydrophobic nature, carbon-based fillers
tend to form agglomerations into the matrix microstructure, especially when conductive
materials with high aspect-ratio are used and the mixing is characterized by considerable
viscosity [44].

In order to solve problems related to functional filler dispersion into the cementitious
matrix, different techniques have been proposed in the literature. Those methods can
be classified into two main categories: mechanical dispersion and chemical dispersion.
Mechanical methods include all the techniques aiming at the physical dispersion of fillers,
such as mechanical stirring, ball milling and sonication (or ultrasonication) bath. Stirring
is an ordinary step of mixing and it is enough for ordinary reinforcing fibers. However,
in the case of nanomaterials its efficiency is limited since the separation among them is
temporary, and when the stirring stops the particles tend to agglomerate again. Only shear
stirring at high-speed proved to be effective to uniformly distribute nano-sized fillers, even
if the integrity of long particles is not guaranteed with direct consequences on percolation
threshold and conductivity capacity [45]. Ball milling uses the action of impacting grinding
balls for breaking the inter-particle bond, avoiding agglomeration. Nevertheless, also this
technique is not adequate for long particles [46]. Sonication and ultrasonication are based
on the use of sound and ultrasound waves, respectively, to win the bond forces. They
are currently considered the most effective among the mechanical dispersion techniques:
this particularly applies to ultrasonication of carbon-based conductive materials. Typical
ultrasonic frequency used for dispersion is 20–30 kHz, causing high energy cavitation of
the liquid mixture with homogeneous dispersion, even if proper input control has to be
ensured to avoid damage to filler particles. In the case of long conductive fibers, low power
bath sonication is recommended with input power lower than 130 W [8]. Sonication time
represents another key parameter, since insufficient time (below 1 h) prevents adequate
filler dispersion; conversely, too long sonication (higher than 5 h) tends to break the particles
and reduce conductivity [47].

Chemical methods enhance filler solubility by means of the modification of the particle
external shell. Two possible surface modifications are reported in the literature: covalent
and non-covalent. The first is characterized by the use of neat acids, often combined with
high temperature mixing, leading to an oxidation reaction between oxygen and carbon
atoms with subsequent bonding of negatively charged carboxylic groups to the CNT
surface [48]. The electrostatic repulsion forces among those groups ensure separation and
make possible the effective filler dispersion. However, neat acids may have significant
detrimental consequences on the mechanical and electrical response of carbon fillers and,
as a consequence, of CSCs [49]. Conversely, non-covalent methods use the absorption
property of molecules without any consequence on the material structure. This is generally
pursued by adding surfactants to the mixture [50]. The most frequently adopted surfactants
are methylcellulose (MC), polycarboxylate-based (PC) superplasticizers, anionic sodium
dodecyl benzene sulfonate (SDBS) and lignosulfonate (LS). Consistent and conclusive
findings about the effectiveness of covalent and non-covalent dispersion methods are not
available in the literature [51], also because of the influence of different types of fillers and
mixing proportions on the results. It can be only argued that, if the mechanical properties
of CSC are relevant with respect to the scope of the application, non-covalent methods are
preferable although they do not ensure absolute best sensing performance. On the contrary,
covalent methods potentially yield good piezoresistive response, if properly applied. It
is also worth noting that, when the dosage of surfactant exceeds a certain limit, both
mechanical and electrical properties of CSCs might be weakened due to the development
of air bubbles in the mixture [52]; moreover, the long-term effect of surfactants on CSCs are
not established, yet. Finally, several studies show that chemical or mechanical dispersion
techniques are not able to ensure uniformly distributed fillers within CSC matrix when
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used alone; the combination of these two methods has been therefore recommended in
recent years [53,54].

2.3. Mixing, Moulding and Curing

Depending on the morphology and nature of functional fillers, different mixing
processes can be used: (i) the first admixing method, in which water is first mixed with
surfactant and fillers, and cementitious material and aggregates (if present) are added
afterwards; (ii) the synchronous admixing method, when all components are added to
the mix one by one; (iii) the latter admixing method, when water-cement and filler-water-
surfactant mixtures are separately prepared and mixed together afterwards [23]. Once
the final admixture is obtained, it is molded in the desired shape and cured. Both these
fabrication aspects are relevant, since they may affect the sensing capacity of the final CSC.

Molding has an influence on the pore structure of CSC. Generally, the CSC admixture is
casted into the framework and then vibrated in order to increase compaction. Nevertheless,
in some cases pressing or extrusion have been applied, too [55].

Curing regime and duration have an influence on the microstructure of CSCs since
they determine the hydration process. Moist curing yields high strength CSCs due to the
dense microstructure; however, larger resistivity values are also obtained with respect
to air cured CSCs. Furthermore, moist cured CSCs tend to increase their resistivity over
time [9]. Indeed, at early curing age, the matrix presents high porosity, and the resistivity is
low due to ionic presence. Conversely, the longer the curing age, the higher the sensitivity,
because the bond strength between filler and matrix increase [56,57]. While a few studies
are available in the literature about the curing effect on sensing properties of CSCs, the
definition of an appropriate curing age is definitely a critical and under-investigated aspect
in the development of CSCs.

2.4. Electrical Configuration and Measurements

The CSC fabrication as self-sensing element includes the arrangement of electrodes
according to the selected electrical measurement method. It is well known that CSC
resistance mainly consists of the resistances of the composite material, of the electrodes
(generally negligible), and of the contact between electrode and CSC material. Moreover,
CSCs are characterized by the presence of positively and negatively charged ions which,
under the externally applied voltage, move towards the opposite voltage, thus creating
a polarization potential. If polarization occurs during resistivity measures, particularly
under direct current (DC), the recorded resistivity values tend to increase with time, so that
an appropriate correlation between change in resistivity and strain can hardly be defined.
Alternatively, the execution of resistance measures by using alternate current (AC) is able to
strongly reduce polarization effects although impedance analysis is required, thus making
the interpretation of measurements less straightforward [20]. Therefore, the definition of
the electrical configuration directly affects the CSC sensing performance. Basically, two or
four electrodes can be installed on each CSC sample following the two-probe or four-probe
method, respectively. With the four-probe method, four electrodes are placed on the same
side of the CSC: the two external probes are used for current application whereas the others
are used to measure the voltage. The two-probe method uses just two electrodes working
as current as well as voltage terminals at the same time. The four-probe method is able
to reduce the contact resistance improving the accuracy of measurements, unless the CSC
element has very little dimensions. Nevertheless, such methodology is characterized by
higher complexity with respect to the two-probe method [58].

The materials adopted for CSC electrodes are characterized by high conductivity and
resistance to corrosion. Accordingly, copper or stainless steel are the most used; other
metals, such as silver or galvanized steel, are also seldom applied [59]. Two different
installation approaches are typically used, namely embedding or surface attachment; the
first proved to be sounder and more reliable for SHM applications, as well as character-
ized by lower polarization, higher durability and limited contact resistance [60]. Due to
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capacitance effect, the electrical resistivity measured between two electrodes increases as
the spacing among them increases until a limit value is reached beyond which a constant
trend is kept. Thus, it is recommended to place the electrodes at high distance. Increasing
the size of embedded electrodes is another option to reduce capacitance. Nevertheless, it
is less preferable since the higher the embedded section of the electrode, the higher the
material-electrode contact resistance which affects measurements [9].

An appropriate design of electrodes has to take into account also other characteristics
of the electrical circuit, such as the current type. In this regard, both AC and DC current may
be used for resistivity measurements. As previously mentioned, DC measures of resistivity
are generally simple, but they are affected by a time-based drift. On the contrary, AC current
might be preferable since it induces very low polarization in the CSC. However, the AC
frequency has to be properly defined. A commonly adopted criterion consists in increasing
the frequency until the measured electrical resistance remains constant independently
from its value. Another critical limit of AC measurements for SHM applications is the
difficulty in the simultaneous acquisition of data from multiple sections of a CSC sensors;
this is also the case when different impedance measurement devices are adopted because
of the interaction among the electrical signals. In order to overcome the limits of AC and
DC systems, a new technique has been recently proposed [61], the so-called biphasic DC
measurement approach. It is based on the evidence that the polarization of the CSC sensor
depends on the direction of the current flow. Thus, continuous cyclic charges and discharges
by reversing the applied current drop the polarization effect and enhance the stability of
readings (measured in the charging phase) over time. Unfortunately, the biphasic DC
method does not allow for simultaneous multi-channel record of multiple CSCs installed
on a common hosting structure. A promising multichannel strain measurement technique
has been therefore recently proposed in [62]. Finally, current intensity as well as voltage
amplitude also have an influence on the measuring repeatability and sensitivity of CSCs,
depending on matrix and filler typology [63], even if, so far, more research studies are
necessary in this sense to reach a firm conclusion.

2.5. Environmental Effects and Durability

Environmental actions on civil structures due to temperature and moisture may affect
the long-term sensing performance of the installed CSC elements. In general, due to hot
expansion and cold contraction of the cementitious matrix, the spacing of functional fillers
changes and the tunnelling effect is modified. As a result, the electrical resistivity tends
to decrease with increasing temperature until a limit value is reached above which the
water present into the micro-structure pores evaporates causing a sudden increase of the
resistance [64]. On the other side, repeatability and stability of sensing measures change
if the external temperature changes. Under temperature range between 0 ◦C and 40 ◦C,
adequate results in terms of stability are obtained (with the best performance in the range
20–40 ◦C), whereas measures become less repeatable at higher temperature (above 60 ◦C)
or below 0 ◦C [65]. Extreme climate conditions such as freeze and thaw cycles might cause
phase transformation of water, between solid and liquid state, causing micro-cracks into
the matrix and irreversible increase of resistivity combined with low repeatability [66].
Nevertheless, investigations about the sensing ability of CSCs at very high temperature
(larger than 200 ◦C, representative of the temperatures in fire-damaged structures) are in
progress and the first results have been recently published in the literature [67]. These
studies might have significant impact on the applications of CSCs to civil SHM but further
studies are needed to reach well-established results and firm conclusions.

Change of ambient humidity may yield modification of the CSC internal moisture
content which affects the sensing performance. Since water is an electrical conductor,
saturated CSCs are systematically characterized by resistivity considerably lower than the
dried ones. In fact, as known, conductive paths within CSCs are mainly due to overlapping
fillers conduction, tunnelling effect conduction and ionic conduction. Moisture content
essentially affects the latter, which offers a contribution, although generally limited, to
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the piezoresistive response. Furthermore, the presence of pore water with ionic concen-
tration causes severe polarization affecting the piezoresistive performance in terms of
repeatability [68].

The influence of moisture depends on type and amount of conductive filler. CB
particles can absorb water with a subsequent increase of the electrical resistivity [69].
Conversely, for CSCs doped with CFs and CNTs, the electrical resistivity decreases as
internal moisture increases due to the larger ionic conduction [68]. When SFs are used
as conductive filler, particular attention should be paid to corrosion effect, for which no
studies are available in the literature. Regarding the relationship between moisture and
filler amount, for concentration lower than the percolation threshold an increase in CSC
conductivity can be observed when moisture increases, even if with a consequent reduction
in sensitivity due to the disturbance effect of ionic conduction, whereas high presence of
fillers reduces the influence of moisture on sensing performance [70]. The main actions
aimed at internal moisture reduction are air-drying and oven-drying. The latter proved
to be more effective, although oven temperature and drying time are key parameters that
need for appropriate experimental evaluation. For CSCs with 0.1%-weight of CFs, 3 days
at 95◦ C may be recommended [63].

3. Applications to SHM of Structural Prototypes

If fabrication process and operational performance of CSCs have been extensively
investigated at the material scale, with a relatively large number of research studies avail-
able so far, the application of CSCs as sensing elements for SHM of concrete structures or
structural components is fairly limited, especially in the case of large- or real-scale realiza-
tions. Therefore, starting from a thorough literature review, the main research studies on
this topic have been collected, and relevant characteristics and findings from those studies
are reported hereafter distinguishing the applications to reduced-scale members and to
medium- and full-scale structural prototypes.

3.1. Reduced-Scale Members

The monitoring capacity of CSCs doped with carbon black (CBCSCs) when embedded
in reduced-scale unreinforced concrete (UC) columns was investigated in [71]. CB in
the amount of 15% by weight of cement was used as filler, with a w/c equal to 0.4.
30 × 40 × 50 mm3 CBCSC samples were equipped with four copper nets across the whole
cross-section. Sensors were cured in moist room for 28 days and, subsequently, dried
at 60 ◦C for 48 h and, finally, encapsulated with an epoxy layer providing waterproof
protection. CBCSC sensors were tested under cyclic axial loading, showing a stable and
reversible response for low loading levels, whereas, for high stress levels with respect
to the compressive strength (i.e., 70%), measurements were unstable. Two groups of six
reduced-scale UC columns of size 100 × 100 × 300 mm3 were built: they were characterized
by different concrete strength class (equal to C40 and C80, respectively). Sand and coarse
aggregate were added to the same cement matrix of sensors. For each group, three columns
were equipped with sensors and the remaining were considered as reference case, aiming
at investigating also the possible influence of the embedded sensors on the mechanical
response. Cyclic axial loading was applied (up to 30% of theoretical column axial capacity),
first; monotonic tests were performed afterwards up to failure (Figure 2). Measurements
from traditional transducers and strain gauges were used as benchmark. The stability of
CBCSC sensor measurements in the case of cyclic loading in elastic regime was confirmed.
Conversely, under monotonic loading, the embedded sensors showed good strain sensing
capacity in elastic regime, whereas measurements were not reliable beyond the elastic limit,
probably due to increasing transverse deformation. Failures of sensors and columns were
not simultaneous: this result points out that matching of strength between sensor and
concrete matrix is crucial to guarantee efficiency of strain sensing measures. Such matching
should consider the triaxial loading strength of CBCSCs.
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Figure 2. Scheme of testing on embedded CSC sensors (adapted from [71]).

Sensing performance of CBCSCs embedded in reduced-scale beams subjected to
monotonic as well as cyclic axial compression and three-point bending loading was in-
vestigated in [72]. The choice of the CB filler was due to its reduced cost with respect
to CNTs. Three CBCSC types different for CB concentrations were realized and, due to
decreased flowability, higher w/c ratios were applied, ranging between 0.35 and 0.45.
The first admixing method was adopted and the resulting composite was poured into
10 × 10 × 60 mm3 metal molds. Four copper meshes were inserted into each sensor. After a
standard curing process, each piece was cut in the middle to obtain two 10 × 10 × 30 mm3

CBCSCs. 40 × 40 × 160 mm3 beams were realized with the same material. CSC specimens
were directly inserted into the beams during the vibration process both in compression and
tension zones, according to the configurations depicted in Figure 3. Before the execution
of three-point bending tests, under monotonic and cyclic low-level regimes, three beams
equipped with as many sensors as the different CB-concentrations considered in the study
were subjected to pure cyclic compression with the aim of assessing their self-sensing
capacity. Sensor with 2% CB exhibited the best fractional changes of resistivity (FCR) and
monitoring sensitivity compared to those with 0.5% and 1% CB, even if repeatability of
measures increased as CB content decreased and, at low stress values, the difference in FCR
readings among the sensors were more limited. From the results of three-point bending
tests, the Authors concluded that: (i) CBCS with 2% CB exhibited the best sensing perfor-
mance; (ii) the embedded sensor close to the loading point presented the largest electrical
resistivity changes because of the higher stress magnitude; (iii) sensors in the compression
zones exhibited gradual decrease in electrical resistivity but they suddenly returned to their
initial resistivity values when approaching the flexural failure, whereas the counterparts in
the tension zones experienced an increase in electrical resistivity followed by an abrupt
jump near the flexural failure.
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Roopa and his co-authors [73] carried out experimental tests on reduced-scale beam
and column; CSCs doped with different nanocomposite were embedded into those el-
ements. Sensors were realized by using three different conducting filler types (MWC-
NTs, CFs, and G) combined with each other. Cement mortar matrix was used to ensure
proper strength, and w/c ratio equal to 0.45 was assumed. Sensors had dimensions
50 × 50 × 20 mm3 and were equipped with two electrodes in the central part. Concerning
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mix-preparation, CFs were directly mixed with cement and sand in the dry state, whereas
both G and MWCNTs were priorly sonicated with water. Electro-mechanical three-point
flexural tests were performed first on sensor specimens, respectively with 0.25% and
0.50% of nanomaterials by weight of cement. Results showed that higher nanomaterial
percentage (i.e., 0.50%) enhanced flexural strength and electric properties without signal
fluctuation. Therefore, such sensor was embedded into the beam and the column, both of
sizes 100 × 100 × 500 mm3. A three-point flexural test was conducted on the beam, and a
uniaxial compression test was performed on the column. The recorded measurements in
terms of load and electric resistance were characterized by trends very similar to the ones
corresponding to the initial sensor testing, in spite of some observed anomalies requiring
further development of sensors.

The combination of CNTs and CB as conductive fillers in CSC sensors embedded into
reduced-scale columns under both monotonic and cyclic axial load tests was experimentally
investigated in [74]. The reason of such combination lies in the easier dispersion without
sonication with respect to CNTs alone. Fly ash was also added to the mixing. Sensors had
dimensions 20 × 20 × 50 mm3 and stainless-steel gauzes were used as electrodes. Overall,
twelve columns were casted, divided into two groups associated with different concrete
strength (C30 and C50, respectively). Three columns for each group were equipped with
a sensor placed at the center of the solid during pouring, whereas the remaining three
columns were used as benchmark in order to evaluate the influence of the embedded sensor
on the mechanical response of the concrete member. Cyclic loading within the elastic limit
was applied first to both sensors and concrete columns; then monotonic tests were carried
out up to failure.

Experimental results showed that: (i) sensors exhibited stable and repeatable measure-
ments under cyclic and monotonic compression either they were embedded into concrete
columns or not; (ii) the presence of sensors did not affect the mechanical response of the
column; (iii) a difference was recorded between signals collected from embedded and
not-embedded sensors, due to the different mechanical properties of concrete and sensors.

3.2. Medium and Full-Scale Members

RC beams strengthened by means of RC layers doped with CFs (CFRC) were tested
under four-point bending by Wu and his co-authors [75] in order to investigate their
viability as strengthening solution as well as monitoring system (see Figure 4). A total
of eighteen 3000 mm long beams characterized by different location and thickness of
strengthening layers were tested. These layers consisted of a mix of CFs (5% by weight
of cement), cement, fine aggregate, coarse aggregate, and water. Steel reinforcement was
wrapped by epoxy resin to prevent metallic conductivity, whereas four stirrups spaced at
200 mm in the central part of the beam were used as electrodes. CFRC layers were put on
plain concrete during casting operations.
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Figure 4. RC beam strengthened by CF-doped RC layers (adapted from [75]).

The electrical resistance measurements were made by means of the principle of Wheat-
stone bridge according to which the initial electrical resistance of the whole beam (included
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top and bottom layers connected in parallel) was first measured; known the resistance of
the remaining bridge arms, the resistance of the beam depending on the applied load was
derived. Hence, the presence of CFRC layers directly affected the electrical properties of
the beams, decreasing the initial electrical resistance and yielding a larger increase of the
electrical resistance at increasing layer thickness. Nevertheless, the adopted measuring
method prevented a separate monitoring of top and bottom layers. Somehow consistent
relationships between electrical resistance, loading, deflection/strain and cracks were
observed only from a qualitative point of view. Furthermore, the construction technology
seems quite complex and expensive to be applied at large scale.

A comparative analysis of the experimental results obtained from cyclic tests on
three RC shear-critical columns was presented in [76]; two columns were doped with SFs
and carbon nano-fibers (CNFs), respectively, whereas the remaining one was made of
plain RC and used as benchmark case. Assessing if functional fillers enhanced structural
performance and created self-sensing capacity were the objectives of the research. All the
columns had low aspect-ratio. CNFs and SFs were introduced in the mixing at a dosage
of 1% by volume, based on the results of an extensive number of trials. Wire meshes with
soldered gauge copper wire were placed at four cross-sections (four-probe method), as
shown in Figure 5. The experimental outcomes proved that the addition of SFs and CNFs
to concrete improved the structural capacity of the column, but only SFs showed a potential
as a solution for SHM, at least in the elastic field.
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Figure 5. Resistivity measurement layout for RC shear-critical columns (adapted from [76]).

CSCs doped with CNFs and CFs have been applied to RC beams as strain and damage
sensors in [77]. Cement paste was used as matrix for the sensors, with a fixed 0.5 w/c
ratio. Five different dosages of conductive admixtures were prepared: one with 2% CNFs,
two with 1% of different types of CFs, and the others with CFs subjected to an oxidation
treatment. Mechanical stirring and sonication were applied for mixing and dispersion.
Two different sizes of prismatic sensors were made, namely 20 × 20 × 80 mm3 (Type A)
and 200 × 7 × 80 mm3 (Type B). The four electrical contacts consisted of strips of silver
paint applied on the perimeter, to which four copper wires were wrapped. A total number
of 28 sensors were installed on a RC beam of dimensions 200 × 300 × 3900 mm3; they were
placed in the central part of the beam at different locations (Figure 6). Under the four-point
bending scheme, all sensors were subjected to the same value of bending moment. Two
different installation methods were applied: bonding by means of epoxy resin and direct
casting. Both strain-sensing and damage-sensing cyclic tests were performed; they were
respectively characterized by reduced maximum load and increasing loading up to failure.
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Experimental results showed that both CNFs and CFs were able to measure superficial
strain, even if better sensing capacity was achieved by 2% CNF sensors. Furthermore, the
thinner the sensor the better the performance, probably due to the large adhesion surface
(wide as the RC beam) and to the reduced strain gradient along sensor depth. Finally,
negligible effect of the installation method on the sensing capacity was observed.
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Figure 6. Distribution of CSC sensors and patches on RC beam under four-point bending test
(adapted from [77]).

The influence of loading rate on the sensing capacity of CSCs doped with CNFs was
investigated by Witarto and his co-authors [78]. 25.4 mm wide cubic sensors, equipped
with four copper mesh electrodes, were installed in critical regions of four full-scale RC
columns designed to fail in shear. Specifically, sensors were electrically isolated with epoxy
resin and fixed to stirrups involved in the shear-resisting mechanism by using plastic
zip ties before concrete casting. Cyclic loading with increasing amplitude was applied at
different rates for each column. Based on the experimental results, the Authors concluded
that sensors performed reasonably well under a qualitative point of view, even if further
studies would have been needed to establish a quantitative relationship between damage
levels and measured electrical resistance variation.

In [79] the effect of micro-CFs on the strain sensing ability and structural capacity
of RC beams in the absence of stirrups was experimentally investigated. Three beams
with 125 × 350 × 1500 mm3 dimensions and characterized by different longitudinal
reinforcement ratios were monotonically tested up to failure under four-point bending
scheme. CFs were introduced in the concrete mix and this was poured at top and bottom
surfaces of mid span sections for a length of 350 mm and a depth of 78 mm (Figure 7).
Electrically conductive paint was applied on top and bottom surface of RC beam close
to the point of application of the load. Copper wires were connected to the conductive
paths via adhesive tape. Before loading, different initial electrical resistance values and
gauge factors between compression and tension side were recorded, due to the presence
of longitudinal reinforcement. However, this did not significantly affect the experimental
results, yielding well correlated strain and electrical resistance variation both in tension
and compression; specific equations obtained through regression analysis of measurements
were proposed to evaluate the strain known the fractional change in electrical resistance, in
order to continuously monitor the beam response.
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Figure 7. Cast-in-situ CSC sensors installed at top and bottom surfaces of the midspan section of a
RC beam (adapted from [79]).

The first experimental study focusing on the structural monitoring performance of
CSCs doped with MWCNTs and embedded into RC beams subjected to static and dynamic
excitations is reported in [53]. Cubic CSCs (with 5 cm edge) were prepared. Cement paste
was doped with 1% MWCNTs by weight of cement and w/c ratio was 0.45. Filler disper-
sion was achieved by using dispersant and sonication. Resistivity measurements were
performed by employing both two-probe and four-probe configurations in DC current and
under controlled temperature. The electromechanical tests carried out on cubic sensors
under both cyclical and dynamic compressive loads confirmed the strain sensitive proper-
ties of sensors. Furthermore, the response was almost constant with respect to frequency,
although for some sensors a linear trend was observed. After CSC characterization, seven
sensors were embedded at the top of a full-scale simply-supported RC beam subjected to
both static bending loading (CSC under compression stress) and dynamic impulse loads
(Figure 8). The experimental results demonstrated the effectiveness of sensors under static
loads, while fairly accurate strain measurements were obtained at the very low strain
levels associated with the applied dynamic loads; nevertheless, Power Spectral Densities
(PSDs) computed by processing the dynamic signals from traditional strain gauges and
CSC sensors confirmed that the latter were promising also for modal testing.
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The same research group performed further experimental studies on the RC beam of
Figure 8 with the aims of investigating the performance of CSCs in resolving the dynamic
response of the beam [80] and of validating a multichannel strain measurement technique
able to retrieve strain distribution along the member under static load [62].

In the first study [80] the electromechanical response of sensors was first assessed
by means of cyclic load tests, aimed at calibrating relevant sensor parameters before
embedment; vibration tests were conducted on the RC beam afterwards. This study
remarks the importance of a specific calibration of the sensor before embedment into
structural members. The results also showed that sensors were able to reveal impulsive
loads and to provide dynamic strain measurements useful for modal identification of the
beam. In order to evaluate the reliability of results, traditional transducers (piezoelectric
accelerometers) were installed on the beam; results from embedded CSC sensors and
piezoelectric accelerometers were in good agreement with each other, confirming the
promising applicative perspectives of CSC sensors for SHM of full-scale concrete structures.
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In [62] the RC beam was subjected to four point bending loading (with CSCs under
compression) and, starting from each sensor output, the strain distribution along the
structural member was derived. The comparison of the retrieved strain distribution with
the results of a simplified analytical model revealed satisfactory sensing performance.

Rao and Sasmal [54] proposed an experimental study on CSCs aimed at assess-
ing their potential for vibration-based SHM of large structures. MWCNTs were intro-
duced into cement paste. Three different types of MWCNTs were considered: one non-
functionalized pristine-MWCNT (P-MWCNT) and two chemically functionalized MWCNT,
one by hydroxyl(–OH) group and the other by carboxyl acid (–COOH) group. SDBS was
also used as dispersant. The adopted w/c ratio was equal to 0.4 for all the mixtures. A
combination of chemical and physical methods in series were adopted for filler dispersion
(i.e., dispersion in solvent followed by sonication). For each group of MWCNTs, four
different dosages were considered: 0.10, 0.25, 0.50, 0.75 (%) by weight of cement. Three
samples of size 50 × 50 × 50 mm3 for each MWCNT type were fabricated. Electrical
conductivity as a function of MWCNT dosage was measured by means of preliminary
electrical tests. Then, experimental tests under cyclic compression were performed on
cubic sensors with maximum applied load equal to 25% of the capacity, showing that:
(i) for CNT concentrations lower than 0.50% the change in electrical resistance was not
reversible and stable; (ii) the sensitivity of COOH-MWCNT was higher than others due to
the enhanced chemical bond between fillers and surrounding cement matrix, increasing
the load transfer capacity; (iii) the relationship between FCR and strain was linear. The
evaluation of the vibration sensing capacity of CSCs was conducted afterwards by exciting
through an impulse hammer a RC full-scale beam, 4500 mm long and representative of
an existing bridge girder, on which CSCs were installed on top surface at the mid-span by
means of a mechanical anchor device (Figure 9).
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Figure 9. Externally mounted CSC sensors on a RC beam (adapted from [54]).

The sensor was electrically isolated by means of two plastic sheets and the benchmark
was given by three accelerometers placed at the bottom of the beam. From the results of
the dynamic tests the following conclusions were drawn: (i) CNT concentration equal to
0.75% allows for detecting the first three vibration modes with high accuracy as confirmed
by the off-the-shelf accelerometer sensors, whereas lower dosages were associated with
insufficient conductive path inside the cement matrix; (ii) functionalization has great
influence on dynamic strain measurements due to the enhanced bonding between CNTs
and matrix, with COOH-MWCNTs showing the best results.
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In ref. [81] the strain-sensing performance of a CSC sensor doped with CNT and
embedded in a beam tested under three-point bending was investigated. The CSC sensor
was made of water, cement and sand, with a w/c ratio equal to 1:3. MWCNTs were
used as fillers in a concentration of 0.8% by weight of cement. Filler dispersion was
performed according to the first admixing method, with SDBS as dispersant and sonication.
A 52 × 52 × 150 mm3 sensor was embedded into a reinforced mortar beam (the components
of the mix were the same as for CSC, with the only exception of CNTs) of dimensions
160 × 130 × 650 mm3. Eight corrugated steel bars were placed within the CSC (Figure 10)
to enhance strain transfer between beam and sensor by means of a mechanical action in
addition to the chemical (inter-material) bonding. The recorded sensing response revealed a
non-linear trend since the elastic phase, probably due to the presence of the corrugated steel
dowel affecting the load-transfer mechanism. However, the load-strain diagram showed a
clear relationship between the changes of slope of the response curve and damage affecting
the beam.
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Figure 10. CSC sensor with corrugated steel dowels embedded into beam (adapted from [81]).

Relevant information from the previously described experimental studies related
to both CSC sensors and their applications to structural prototypes are summarized in
Tables 1 and 2, respectively, in order to provide a synthetic but useful database, represent-
ing the current state-of-the-art about investigations of CSCs for civil SHM scopes, and for
the identification of the main research trends and open issues.
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Table 1. Summary of fabrication parameters of CSCs applied for SHM of structural prototypes 1.

Filler Matrix Electrode Curing

Ref. Type Concentration 2 Dispersion 3 Type
4 w/c Additive 5 Type 6 Nr Spacing 7 Type 8 Duration

(-) (-) (%) (-) (-) (-) (-) (-) (-) (mm) (-) (d)

[71] CB 15.00 MS C 0.40 WR + Df CN 4 8 M; OD 28;2

[72] CB 0.50; 1.00; 2.00 MS C 0.35–0.45 SP + SF CN 4 10 S 28

[73] Hybrid (CNT + G + CF) 0.50 MS + S M 0.45 CG 2 10 S 28

[74] Hybrid (CNT + CB) 6.00 MS C 0.50 FA + WR SSG 2 10 S 28

[75] CF 5.00 MS RC 0.48 SS 4 200 L 28

[76] CF; SF 0.70; 18.00 MS RC 0.40–0.50 FA + WR CW 4 120 28

[77] nano CF; CF 2.00; 1.00 US; O + S C 0.50 ECW 4 10 M 28

[78] nano CF 0.70 MS M 0.42 WR + SF CW 4 5 L; OD 28; 1

[79] CF 1.50 S C 0.38 WR ECW 4 M; AD 28

[53] MWCNT 1.50 S C 0.45 SP SSM 4 10 L 28

[62,80] MWCNT 1.50 S C 0.45 SP SSM 4 10 L 28

[54] MWCNT 0.10; 0.25; 0.50; 0.75 S + ST; S + ST + OH/COOH C 0.40 Df CWM 2 10 L; OD 28; 3

[81] MWCNT 0.80 S + ST M 0.33 CWM 2 S 28
1 Void cell means that no specific information is provided. 2 Filler concentration expressed as function of weight of cement. 3 Dispersion: Mechanical stirring (MS); Sonication (S); Ultrasonication (US); Oxidation
(O); Hydroxyl (OH) or carboxyl (COOH) functionalization; Surfactant (ST). 4 Matrix type: Cement paste (C); Mortar (M); Reinforce concrete (RC). 5 Additive: Water Reducer (WR); Defoamer (Df); Superplasticizer
(SP); Silica fume (SF); Fly Ash (FA). 6 Electrode type: Copper net (CN); Copper Gauze (CG); Stainless steel gauze (SSG); Steel stirrups (SS); Copper wire soldered with steel wire mesh (CW); External copper
wire connected to conductive paint (ECW); Stainless steel mesh (SSM); Copper wire mesh (CWM). 7 Minimum distance between two consecutive electrodes. 8 Curing type: Moist room (M); Oven-Dry (OD);
Laboratory condition (L); Standard condition (S); Air-Dry (AD).
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Table 2. Features of CSC sensors and structural prototypes tested for civil SHM purposes 1.

Sensor Dimensions Installation Prototype

Reference Bs
2 Hs

2 Ls
2 Type 3 Number 4 Member Bp

5 Hp
5 Lp

5 Material Loading condition

(-) (mm) (mm) (mm) (-) (-) (-) (mm) (mm) (mm) (-) (-)

[71] 40 30 50 Embedded 1 Column 100 100 300 Concrete Cyclic axial load

[72] 10 10 30 Embedded 1;2 Beam 40 40 160 Cement paste Monotonic bending
Cyclic bending

[73] 50 20 50 Embedded 1 Beam
Column 100 100 500 Concrete Monotonic bending

Monotonic axial load

[74] 20 20 50 Embedded 1 Column 150 150 300 Concrete Monotonic axial load
Cyclic axial load

[75] 200 30;60;90 3000 Embedded Beam RC Monotonic bending

[76] 305 305 507 Embedded Column RC Cyclic lateral load

[77] 20
200

20
7

80
80 Attached 18

8 Beam 200 300 3900 RC Cyclic bending

[78] 25.4 25.4 25.4 Embedded 6 Column 450 450 1600 RC Cyclic lateral load

[79] 125 78 350 Embedded 2 Beam 125 350 1500 RC Monotonic bending

[53] 50 50 50 Embedded 7 Beam 250 250 2000 RC Cyclic bending, Vibration

[62,80] 50 50 50 Embedded 7 Beam 250 250 2000 RC Vibration test, monotonic
bending and environment action

[54] 50 50 50 Mechanical 1 Beam 600 245 4500 RC Vibration test

[81] 52 52 150 Embedded 1 Beam 130 160 650 Reinforced mortar Monotonic bending
1 Void cell means that no specific information is provided. 2 Bs, Hs, Ls: cross-section width, cross-sectional depth, length, of the CSC. 3 Installation type: Embedded (E); Attached with a bonding agent (A);
Mechanical connected (MC). 4 Number of CSCs installed in each monitored structural prototype. 5 Bp, Hp, Lp: cross-section width, cross-sectional depth, length, of the structural prototype.
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4. Discussion and Open Issues

Significant properties of CSCs at the material scale have been presented in Section 2.
Relevant outcomes of the experimental studies focused on the applications of CSCs as
sensing elements for civil SHM applications have been reported in Section 3, resulting in
the most up-to-date state-of-the-art on the topic. The most significant parameters of the
collected studies are reported in Tables 1 and 2 for the aspects related to fabrication and
sensing, respectively. Those data are herein collectively analyzed, resulting in a critical
discussion aimed at identifying the most promising research outlooks in the field of civil
SHM based on CSCs.

4.1. Fabrication

Several dispersion procedures depending on the filler typology have been introduced.
For CFs and SFs, as well as CB, mechanical stirring is generally applied. Conversely, if CNTs
are used as conductive filler, sonication or ultrasonication are systematically carried out
often coupled with the use of surfactant (LS or SBDS, in particular). Therefore, CNT-based
CSCs are typically of limited dimensions, since the adoption of methods such as sonication
or chemical reaction cannot be performed at large scale due to practical limits as well as
economic reasons, whereas large scale CSCs can be obtained by using fiber-shaped filler.
Acid functionalized fillers in CSCs have been also investigated by some Authors, showing
high sensing performance. Hybrid solutions given by the combination of different filler
types provide several benefits in terms of reduction of dispersion complexity; moreover,
the use of additives, such as fly ash or silica fume, allows to reduce internal pores. Cement
paste is typically used as a matrix due to the easier filler dispersion and lower concentration
of conductive material with respect to mortar and concrete. The latter is adopted only if
fiber-shaped filler is used. w/c ratio values range between 0.33 and 0.50, depending on
filler type and additives.

Appropriate spacing of electrodes must be ensured in order to obtain accurate resistiv-
ity measurements. In this regard, a minimum value commonly assumed for the distance
between two consecutive electrodes is 5 mm. About electrode material and installation,
different options have been investigated (copper or steel, embedded or externally pasted)
but negligible influence on CSCs performance has been reported. Less systematic studies
focused on curing procedures have been found in the literature; most of them are based on
laboratory or standard condition (i.e., with almost constant temperature and humidity).
In a few cases, oven- or air-dry processes have been performed in order to improve the
sensing performance by the elimination of the internal residual moist water; however,
duration and imposed temperature value vary from case to case, and no firm conclusion
on the effect of temperature or moisture is drawn for CSCs applied to structural prototypes.
Nevertheless, a very recent study [62] highlighted the significant influence of hourly tem-
perature variations on the electrical resistivity, whereas changes in moisture yielded only
secondary effects.

4.2. Sensing Applications

The first studies on CSC applications for SHM of medium- and full-scale structural
elements concerned RC members completely or partially doped with conductive fibers,
specifically CFs and SFs [75,76]. These studies qualitatively confirmed the promising
applicative perspectives of multifunctional CSCs for civil SHM. Nevertheless, the large
costs and fabrication complexity make the corresponding functionalization approaches
inconvenient for civil structures; as a result, an alternative approach has been pursued
by installing small self-sensing CSC elements into RC members. This is also the only
implementable solution in the case of existing structures, which are the main focus of SHM
due to their obsolescence. Very different sensor dimensions have been adopted mainly
depending on sensing application and filler typology. Specifically, volumetric ratios (the
ratio between the volume of the CSC sensing element and that of the tested structural
member) typically considered in the collected literature range between 5.1 × 10−5 and
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5.2 × 10−2. No information about the required number of sensors is reported with respect
to reliability of measurements, redundancy of the SHM system, or SHM targets. Generally,
CSC sensors are embedded close to the external edge of the member. Specifically, the sensor
is placed within the framework before casting operations. A few studies consider different
installation methods namely external attachment by means of highly adhesive resin [77] or
mechanical connection by a steel device able to ensure structural continuity and electrical
insulation of the CSC [54], or embedment with the addition of corrugated steel dowels
to improve the strain transfer [81]. Nearly all methods yielded reliable measurements.
However, embedding is the preferred solution due to the complete inclusion of CSC,
which ensures good performance in terms of strain transfer from the monitored member.
Conversely, the external installation appears more feasible for SHM of existing structures,
even if embedment could be still carried out by perforation of the member and use of
slightly expansive cement-based materials to restore the original continuity. In any case,
further studies aimed at the evaluation of the influence of installation methods on the
sensing performance of multifunctional CSCs are needed. CSCs are typically applied to
measure monodirectional strain induced by externally applied loads. Specifically, pure
axial- or bending-induced strain have been investigated, with sensors installed in constant-
stress regions in the latter case; more complex stress states are still under-investigated. The
sensing performance of CSCs as dynamic sensors have been very recently investigated at
large-scale obtaining promising results. This opens interesting applicative perspectives
for the application of CSCs to full-scale members. However, in view of SHM applications,
some issues are still far from being overcome. For instance, repeatability and stability of
measurements are significantly affected by the applied stress levels. Under cyclic excitation,
indeed, stable data can be obtained until a maximum stress level of 30% of the strength of
the material. Beyond that limit repeatability problems have been observed. Mechanical
compatibility between CSCs and monitored RC members has been also recognized to play
a critical role [71], especially when CSCs are used for monitoring high-stress levels close
to failure. Unfortunately, very few studies report the mechanical properties of CSCs and
the material of the structural prototype; thus, it is impossible to draw any firm conclusion.
About the electrical configuration, the four-probe method is mostly adopted because of
its accuracy, but a few studies provide information about current type (i.e., AC, DC and
biphasic DC) and, in particular, quantitative parameters such as intensity and frequency for
AC measurements. Finally, conventional wired data acquisition systems have been always
adopted, so further investigations about applicability of wireless systems in combination
with CSCs for civil SHM are of particular interest.

5. Concluding Remarks

CSCs are nowadays considered a very promising sensing solution for biomimetic SHM
of civil structures due their piezoresistive capacity given by the presence of conductive
fillers. Despite the great research efforts on this topic during the last decades and several
studies available in the literature, real-case applications of CSCs to civil SHM are still
limited due to a number of motivations outlined in the present paper. In particular,
this review paper discussed well-established trends and open issues related to CSCs,
with a special focus on applications to structural members for SHM purposes. Major
aspects related to fabrication procedure and material characteristics were revised, first.
Research studies dealing with the evaluation of the sensing performance of CSCs applied
to structural prototypes have been collected afterwards, and an experimental database has
been compiled to provide an immediate overview about the current state-of-the-art on this
topic. The main outcomes of this work can be summarized as follows:

• Research studies focusing on the application of CSCs for SHM of full-scale structural
RC members are still limited, and further investigations are required.

• Small CSC sensors are more effective than full-scale CSC elements for SHM applica-
tions due to reduced cost and installation complexity, higher accuracy of measure-
ments, and potential to achieve dense distributions of sensors. Nevertheless, some
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relevant issues are still open, such as minimum number of sensors and influence of
installation methodology on the sensing performance.

• For SHM applications to full-scale members at high-stress levels, the mechanical
compatibility between the concrete of the hosting member and the cementitious
matrix of sensors represents a critical issue, and therefore concrete matrix might be
preferable for CSCs. However, the presence of aggregates introduces some critical
points about filler dispersion and optimal concentration.

• So far, CSCs have been applied for monitoring pure or uncoupled loading conditions,
to which, nonetheless, not all structural cases can be reported. Therefore, the sensing
performance of CSCs in the presence of more complex stress states should be investi-
gated. Furthermore, the promising sensing performance of CSCs as dynamic sensors
requires more comprehensive verifications in order to establish relevant technical
features (such as range of applicability and sensitivity), eventually taking into account
different schemes or dynamic sources.

• Finally, significant issues such as ageing phenomena, durability, or data acquisition
and data transmission solutions for SHM applications need to be extensively studied.
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