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Abstract: The importance of the safety and sustainability of structures has attracted more attention to
the development of smart materials. The presence of small cracks (<300 pm in width) in concrete
is approximately inevitable. These cracks surely damage the functionality of structures, increase
their degradation, and decrease their sustainability and service life. Self-sensing cement-based
materials have been widely assessed in recent decades. Engineers can apply piezoresistivity for
structural health monitoring that provides timely monitoring of structures, such as damage detection
and reliability analysis, which consequently guarantees the service life with low maintenance costs.
However, concrete piezoresistivity is limited to compressive stress sensing due to the brittleness of
concrete. In contrast, engineered cementitious composites (ECC) present excellent tensile ductility
and deformation capabilities, making them able to sense tensile stress/strain. Therefore, in this
paper, first, the ability of ECC to partly replace transverse reinforcements and enhance the joint
shear resistance, the energy absorption capacity, and the cracking response of concrete structures
in seismic areas is reviewed. Then, the potential use of natural fibers and cellulose nanofibers in
cementitious materials is investigated. Moreover, steel and carbon fibers and carbon black, carbon
nanotubes, and graphene, all added as conductive fillers, are also presented. Finally, among the
conductive carbonaceous materials, biochar, the solid residue of biomass waste pyrolysis, was recently
investigated to improve the mechanical properties, internal curing, and CO, capture of concrete and
for the preparation of self-sensing ECC.

Keywords: engineered cementitious materials; strain-hardening cementitious composites; natural

fibers; self-sensing mortar; self-sensing concrete; biochar

1. Introduction

Concrete is by far the most commonly used construction material on Earth when man-
ufacturing buildings, tunnels, bridges, highways, and dams. However, it is characterized
by high compressive strength and low tensile strength (approximately equal to 10-12%
of the compressive strength). Thus, it is susceptible to crack propagation, which can lead
structures to sudden collapse [1]. This feature is considered to be the crucial drawback
of concrete.

The durability of concrete is an important parameter that should be considered in
the design of concrete bridges, particularly for those bridges under continuous dynamic
loading. In this situation, the formation of cracks can compromise the durability of the
structures. Real-time monitoring of chemical-physical changes that happen in the con-
crete structure and information on structural conditions, as well as planning maintenance
operations, are considered parts of structural health monitoring (SHM) [2-6].

In recent years, sensing concretes have attracted more attention for producing smart
infrastructures with the ability of health monitoring since they can monitor cracks, stress,
strain, temperature, humidity, and damage by the addition of special fillers. Despite their
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advanced multifunctional properties, such as improved mechanical features, ductility, and
durability, sensing concretes can self-monitor their health due to their electrical conductivity,
which allows them to detect damages without applying external sensors [7]. The different
forms of sensing concrete for SHM are shown in Table 1.

Table 1. A summary on sensing concrete in SHM applications.

Type of Sensing Concrete Loading Mode Monitoring Parameters Ref
CNF Three-point bending Strain [8]
CNEF/CF/SF Compression Damage [9]

CNT Impact Electrical impedance [10]

CNT Drilled hole Tomography [11]

Note: CNF, carbon nanofiber; CF, carbon fiber; CNT, carbon nanotube; SF, steel fiber.

To overcome the main disadvantages of concrete, fibers have been added to it for
about 60 years to increase its fracture toughness, i.e., to improve its resistance against
cracking by controlling crack opening and propagation. When the fibers bridge opening
cracks, several phenomena may occur between fibers and the matrix at rupture: debonding,
fiber fracture, and fiber pull-out; thus, pseudo-post-cracking ductility is observed on stress-
strain curves when brittleness is reduced. The tensile strength of composite materials
can be increased in the presence of fiber reinforcement if this reinforcement is sufficiently
compelling, and composites with much higher tensile strength can be obtained thanks
to various reinforcement systems, including systems with two or more different fibers
(hybrid reinforcement).

Fibers are introduced into materials to improve their mechanical properties and
have different characteristics, shapes, and sizes. However, they need to be carefully
considered and selected, as glass, basalt, and recycled polyethylene terephthalate fibers can
be degraded in highly alkaline environments, such as cementitious materials [12,13]. Fibers
can reduce the total cost of the construction, as they can replace the traditional wired mesh
and rebars. Furthermore, the use of fibers can decrease labor and maintenance costs, time
spent during the structure construction, and final building costs. The embodied energy of
the structure (the energy consumed by the production of a material or an assembly like a
building, from the mining and processing of natural resources to manufacturing, transport,
and product delivery) will also be reduced, as the amount of added fibers is generally
significantly lower than the volume of steel required to manufacture traditional rebars.
There is also the potential for incorporating waste fibers deriving from waste materials into
construction materials, thus reducing the volume of landfilled wastes, saving energy, and
promoting sustainable solutions towards work in the industry. The optimal and sustainable
design of structures has become an essential issue in recent years to reduce the amount of
materials used and, consequently, their environmental impact [14].

A damage-controlled structure is defined as a combination of several structural sys-
tems and energy transformation devices integrated to limit damages to some specific
structural elements that can be easily repaired. In conventional structural design, the
stiffness and absorption mechanisms are combined in a single system, and the structure
can deform inelastically. Experience with earthquakes has demonstrated that the economic
cost associated with repairing conventionally designed structures can be significantly high
(Figure 1).
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Figure 1. Repair cost versus earthquake intensity. Reprinted from ref. [15] with permission of
American Society of Civil Engineers, 1997.

Engineered cementitious composites (ECC) [14], also known as strain-hardening ce-
mentitious composites (SHCC) or bendable concretes, are fiber-reinforced high-performance
materials invented by Prof. Victor Li and co-workers [16] at the University of Michigan in
the 1990s. These reinforcements have ultra-high tensile ductility and crack widths limited to
below 100 pm, as well as an ultimate tensile strain capacity higher than 3%, while keeping
a fiber volume fraction below 2% [17]. Therefore, there is no sudden catastrophic failure
mode in ECC because they are damage-tolerant materials. In addition, the damages can
be quantified into discrete levels, which is a required feature for a self-sensing structural
material (Figure 2).

Extended multiple cracking developments are of paramount importance in ECC, as
crack localization often leads to a softening behavior and significantly reduces the composite
ductility [18]. The first ECC materials were based on high-modulus polyethylene (PE) fibers
and showed a high compressive strength of 65.6 MPa, with a tensile strain capacity of
5.6% [19]. Later, in the early 2000s, Li et al. [12] used polyvinyl alcohol (PVA) fibers to
produce ECC for structural applications. The new materials reached a tensile strength and
strain capacity of up to 5.0 MPa and 4.6%, respectively. Their surface was oil-coated to
prevent PVA fiber breakage in the cementitious matrix due to strong chemical bonding [20].
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Figure 2. Tensile stress-strain curve of an ECC compared to traditional concrete. Reprinted from
ref. [21] with permission of Elsevier Ltd., 2009.
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ECC is a family of materials with a range of tensile strengths and ductility values
tailored on demand for a particular structure, thanks to a design based on micromechanical
theory (Table 2).

Table 2. Main properties of ECC. Reprinted from ref. [17] with permission of Elsevier Ltd., 2018.

Compressive  First Crack Ei}::::;ie Ultimate Young's Flexural Densit
Strength Strength Strength Tensile Modulus  Strength ( g/cm?,;,
(MPa) (MPa) & Strain (%) (GPa) (MPa)
(MPa)
20-150 3-10 4-20 3-12 18-40 10-50 0.95-2.3

Several review papers on ECC have been already published on material properties
and applications, including durability in various environments [22], structural design and
performance [23] and self-healing properties [24].

ECC’s mechanical properties and seismic structural performances are higher in com-
parison with conventional concrete. Therefore, these materials must be used wisely to
reduce the life-cycle cost (LCC), to increase sustainability through less material consump-
tion and extended lifetime, as well as to improve safety through higher mechanical and
seismic performances. To this aim, in a two-story, two-bay structural frame structure
described in ref [14], a multi-material frame is proposed (Figure 3).
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Figure 3. Example of multi-material frame based on ECC and RC. Reprinted from ref. [14] with
permission of John Wiley & Sons, Inc., 2012.

In this example, the critical locations (i.e., beam-column connections and the column
bases) can be made of ECC (on about one-tenth of the members’ length on each side), while
the rest of the frame is based on conventional reinforced concrete (RC) in view of seismic
design optimization.

Nevertheless, it should be mentioned that the use of more than one material in the
same structural element complicates the construction sequence, which could significantly
increase building costs. In addition, the bond characteristics between ECC and concrete
should be carefully studied before practical application. However, the results of simulations
demonstrated that both the initial costs and LCC of frames that use ECC are lower due to
savings in material and labor costs of transverse reinforcement for the former and increased
capacity and reduced demand for the latter. Thus, these findings encourage the use of
ECC in seismic design applications for the improved life-cycle performance of buildings
and infrastructures.

Another promising application for ECC is highway structures. In 2005, the 1-kilometer-
long Mihara Bridge in Hokkaido, Japan, was constructed with a slab deck made with
around 800 m® of ECC material [25,26]. Moreover, ECC was also introduced in jointless
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bridges instead of the expandable mechanical joint. The use of ECC in the beam-column
connection area, instead of ordinary concrete, and the partial replacement of the transverse
reinforcement greatly enhanced the joint shear resistance, energy absorption capacity, and
cracking response [27]. Thus, the joint seismic resistance was also improved while reducing
reinforcement congestion and construction complexity. All specimens showed a ductile
failure mode triggered by plastic hinging in the beams. In addition, very little or no spalling
of the concrete cover was evidenced, whereas the conventional concrete specimens showed
an extended concrete spalling [27].

When considering dispersed fiber reinforcement, macrofibers usually are 10-60 mm in
length and 0.1-1.0 mm in width, whereas microfibers are 10-30 pm in diameter and less
than 10 mm in length. Several kinds of non-metallic microfibers have been used for concrete
reinforcement, such as asbestos, polypropylene, mica, wollastonite, xonotlite, and steel
fibers [28]. Different kinds of fibers such as polyvinyl alcohol (PVA), polyethylene (PE) and
steel (SF) fibers are used alone or in combination to manufacture ECC [17]. Hybrid fibers
with high and low modulus fibers are used to reach an optimal balance between ultimate
strength, crack width and strain capacity [12,29-32]. Generally, carbon fibers induce low
tensile ductility in cementitious composites (the strain capacity is lower than 1%). However,
they have the potential to be used to develop multifunctional cementitious materials, as
they are electrically conducting [33-36].

In addition, PVA fibers (0.8 kg/m?) can also increase the frost resistance of concrete
slabs [37]. Their effect is even stronger when added in combination with fly ash [37]. Thus,
the addition of fibers to cementitious materials is useful for the damage management
of concrete structures. On the contrary, expansive agents used as shrinkage-reducing
admixtures, like MgO or other compounds, are not as efficient as fibers [37].

Thus, this work reviews the types, properties, and applications of recent natural fibers
used in ECC manufacturing. The features of candidate fibers are discussed. Furthermore,
when using natural fibers, these materials can also be transformed into carbon fibers
through a pyrolysis process to become conductive in view of the production of self-sensing
ECC. Finally, some suggestions for future studies are also mentioned.

2. Fibers’ Features

In composite materials, interfaces play a crucial role during stress transfer between
fibers and matrix. The features requested of fibers for producing ECC include [35]:

*  Anamount equal to or below 2 vol%;

* A diameter in the range 20-50 um;

* A length ranging from 6 to 12 mm;

* A tensile strength of at least 800 MPa;

* An elastic tensile modulus >10 GPa;

A tensile strain capacity of a minimum of 3%;

* Little or no interfacial chemical bond;

*  Aninterfacial frictional bond in the range 1-6 MPa in the function of fiber strength;
* A sufficient corrosion resistance and chemical stability in cementitious systems;

*  Stable properties over time.

The recommended fiber diameter values aim to achieve high aspect ratios (length-
to-diameter ratio) and favor polymeric fibers due to their manufacturing techniques. A
lower limit on fiber diameter prevents an excessively large aspect ratio (~300), decreasing
workability and complicating fiber dispersion. The fiber tensile strength rules fiber rupture
as well as the maximum bridging stress oy (initial flaw sizes must be lower than the fiber
bridging capacity, o) [38,39], while the fiber tensile modulus is less critical in the composite
mechanical properties before cracking. However, this modulus must be high enough to
maintain tight crack widths in damaged materials [38,39]. Most metallic and some carbon
fibers, as well as high-performance polymeric fibers, fulfil these requirements. Another
crucial feature is the fiber tensile strain capacity, which prevents failure during the mixing
step [13]. Fiber rupture when mixing shortens the fiber length and aspect ratio and restricts
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the composite reinforcing efficiency. Moreover, fiber breakage in hardened samples is
challenging for low shear strain fibers when they are randomly oriented and need to bend
when bridging microcracks. On the contrary, most carbon fibers with low shear strain
capacity can break in these harsh conditions when forming a certain angle. Therefore,
metallic and polymeric fibers perform very well in this specific situation [38—42].

The fiber /matrix interfacial bond is of paramount importance to ensure the mechanical
performance of ECC. The crack bridging capability is limited with a low interfacial bond,
allowing fibers to slip out easily, leading to low tensile ductility and large crack widths in
ECC. Conversely, if the bond is too high, fibers tend to break instead of frictionally sliding
out, reducing the composite’s energy absorption and strain capacity [43]. Polymeric fibers
generally have low bond strengths (<1 MPa), except for PVA fibers (frictional bond in the
range 2-5 MPa). This high interfacial bond results in the need for oil coating on PVA fibers
to prevent excessive fiber breakage and loss of tensile ductility [20]. A desirable range of the
interfacial bond also needs to be adapted to the fibers” length, diameter, and strength [44].

The chemical stability of fibers is fundamental to guarantee composite performance in
the long term. Of course, carbon and polymeric fibers are much more corrosion resistant
than steel fibers, especially if stainless or brass-coated steel fibers are not used [45]. Con-
cerning chemical stability, carbon fibers are usually inert, whereas some polymeric and
glass fibers, as well as most plant fibers, can degrade or undergo aging phenomena due
to the high pH value of the cementitious matrix [46]. Finally, the density of fibers is not
critical due to ECC’s relatively low fiber volume fraction [44]. However, since fibers are
generally priced on a unit mass basis, while their reinforcing effectiveness obeys the fiber
content in volume [47], considering the same fiber volume fraction, high-density fibers
tend to weigh and cost more than a corresponding low-density fiber.

3. Natural Fibers

Vegetal or cellulose fibers are mainly composed of cellulose, with different amounts of
lignin and hemicellulose and other minor components. Thus, all natural vascular plants
can be a source of cellulosic fibers. However, selecting a specific plant as a source of fiber
for a given application depends on its availability and cost of extraction. Plant fibers are
classified as non-wood and wood fibers in function of their origin and composition. Wood
fibers are known as lignocellulosic fibers due to their higher lignin content with respect
to non-wood fibers. The reinforcements based on cellulose fibers (CF) can be classified
according to their form. Thus, cellulose fibers are available as strands (long fibers with
lengths ranging from 20 to 100 cm), staple fibers (short length fibers, also spun into yarns),
or pulp (very short fibers with lengths in the range from 1 to 10 mm) available as dispersed
fibers into the water to limit agglomeration (Figure 4) [48].

(a)

Figure 4. Natural fibers are available in different forms: (a) strands, (b) staple, (c) pulp. Reprinted
from ref. [48] with permission of Elsevier Ltd., 2015.
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Natural fibers can be recovered either from the thermo-mechanical pulping (TMP)
or the chemical pulping (CP) processes. In the former process, pressurized steam is used
before and during refining to increase wood temperature and soften the lignin. Then, the
bonds between fibers are progressively broken, and fiber bundles, single fibers, and fiber
fragments are released. On the contrary, in the latter process, the fibers are liberated from
the wood matrix as the lignin is dissolved at a high temperature in a chemical solution.
There are several differences in quality and the cost between the fibers recovered from these
two techniques. Usually, chemical pulps are longer and much more flexible, with an almost
pure cellulose surface that can strongly bind to the cementitious matrix. The CP yield is
low (40-70%), while the TMP yield is higher (90-98%) [49].

In ref. [50], cellulosic fibers were rod-like particles with a diameter in the range from
30 to 400 nm and a length of 100-2000 um that were added at dosages of 0, 0.03, 0.05, and
0.1 wt% respect to cement, in combination with PVA fibers (38 pm in diameter, 8§ mm in
length, 40 GPa elastic modulus and 1400 MPa tensile strength, 2 vol% addition) and fly
ash (FA, a by-product from the combustion of pulverized coal in thermal power plants;
FA /cement ratio of 1.2). The water-to-binder ratio was equal to 0.28. The composite tensile
strength was improved by up to 23% (and reached 4.1 MPa), and the ultimate tensile
strain increased by up to 26% (3.78% strain capacity), while the deflection capacity in
flexure was up to 36% higher with a 0.1% addition of CF. The highest increase in the first
cracking strength was also observed when adding 0.1% CF, where an enhancement of about
20% was noted with respect to samples without cellulose fibers. When cellulosic fibers
were incorporated into cementitious composites, an enhancement of the elastic modulus
(18%) [51], flexural capacity (25%), and toughness (96%) [52] were also evidenced due to an
increased hydration degree of about 12%. The micromechanical properties of the C-5-H
(calcium silicate hydrates, the main binding phases in Portland cement-based systems)
matrix were also improved by 12-25% [51].

In ref [50], cellulose fibers (with a diameter of 30-400 nm and a length of 100-2000 pum)
were introduced into SHCC at 0-0.1 wt% with respect to cement, together with ground-
glass pozzolan (GP), to replace fly ash, at 0, 40 and 100%. Whereas in samples with 100%
GP, the matrix strength increased at the expense of ductility, the addition of CF gave a
characteristic slip-hardening behavior which compensated for the ductility loss at high
GP content. This led to SHCC with up to 100% GP replacement of FA exhibiting higher
strength and ductility than conventional FA-SHCC made with a similar water-to-binder
ratio. The effect of CF addition was significant in the SHCC with 40 and 100% GP, which
initially had higher strength but reduced ductility. The incorporation of CF in the SHCC
with 0, 40, and 100% GP improved the ultimate tensile strain capacity by 26, 37, and 258%,
respectively. Likewise, the flexural deflection capacity in the SHCC with 0, 40, and 100%
GP was improved by up to 36, 86, and 400%, respectively [50].

Nanofibrilliated cellulose fibers (CNF, 0.1 wt% of binder materials) with three oxida-
tion degrees (no oxidation (NCNF), low oxidation (LCNF), and high oxidation (HCNF))
were used as a viscosity-modifying agent (VMA) to manufacture polyethylene fiber (PE)-
engineered cementitious composites (ECC). When increasing the oxidation degree of CNF,
the compressive strength, the tensile stress, the nominal flexural strength, and the fracture
toughness increased with respect to ECC using VMA, and much higher oxidation degrees
yielded higher enhancements (HCNF > LCNF > NCNF). ECC using CNF to replace VMA
also achieved ultra-high ductility behavior with a tensile strain of over 8% and saturated
multiple cracking patterns [53].

Natural fibers based on curaua (a plant fiber) were investigated for the production
of ECC (4.4 vol% fiber addition), which reached a tensile strength of 2.2 MPa with a
tensile strain capacity of 0.8% [35]. Although multiple cracks formed uniformly during
mechanical testing, the tensile strain capacity was much lower than that of PVA-ECC. For
this reason, curaua fibers are unsuitable for structural applications. However, they can
be potentially used in non-structural materials for special applications, such as building
cladding and facade [35,54]. Soltan et al. [55] used this fiber in construction applications
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to enhance the sustainability of strain-hardening cementitious composite. Based on their
results, the ultimate tensile strength and strain capacity of curaua-reinforced composite
in the presence of 0.5 and 1.0 (% C.M.) of vinyl-trimethoxysilane were 2.4 £ 0.01 MPa
and 2.2 £ 0.16 MPa and 0.6 £ 0.2% and 0.8 £ 0.1%, respectively. Generally, plant fibers
possess a lower tensile strength and Young’s modulus with respect to PVA fibers. Moreover,
elongation at break of most plant fibers is reduced, indicating a limited capacity for energy
absorption under tensile loads (Table 3) [35]. Nevertheless, bagasse fibers, a by-product of
the sugar cane industry, were used to prepare green hybrid-fiber-reinforced cementitious
composites in combination with 0.7 vol% of steel fiber in ref. [56]. Pozzolanic fillers, such
as fly ash, were also added to decrease the pH of the cementitious matrix and the amount
of calcium hydroxide, thus reducing the degradation rate of the natural fibers in reinforced
cementitious materials. Results showed that the samples with 3 vol% of bagasse fibers and
a fly-ash-to-cement ratio of 1.6 exhibited a tensile strain higher than 3.5% and a peak load
of 3.76 MPa, about 6.8% higher than the reference sample [56].

Table 3. Main features of natural fibers. Reprinted from ref. [35] with permission of Elsevier Ltd., 2020.

Density Tensile Young's Mechanical
Fiber Type (e/cm®) Strength Modulus Elongation (%) Evaluation of
8 (MPa) (GPa) Composites
PVA 1.3 1600 42.8 6 Flexural/tensile
Bagasse 1.25 222-290 17-27.1 1.1 Flexural
Bamboo 0.6-1.1 140-800 11-32 2.5-3.7 Flexural
Banana 1.35 500 12 1.5-9.0 Flexural
Coir 1.15-1.46 95-230 2.8-6.0 15.0-51.4 Flexural
Cotton 1.5-1.6 287-800 5.5-12.6 3-10 Flexural
Curaua 1.42 488-752 31.8-51.6 - Tensile
Flax 15 840-1800 50-100 1.8-3.2 Flexural
Hemp 15 690 70 1.6 Flexural
Jute 13 393-773 26.5 1.5-1.8 Flexural
Sisal 15 511-635 9.4-22 2.0-25 Flexural/tensile

There are mainly two strategies to improve the durability of the cellulose-fibers in
cementitious composites: either the composition of the matrix is changed to reduce or
remove the alkaline compounds, or fibers have to undergo chemical or physical treatments
to improve their stability in the cementitious matrix. Not all of these treatments are com-
patible with industrial processes, as they imply the use of chemical reagents. However, any
new cheap treatment which could clog pores’ fibers would make cellulose fibers more com-
patible with cementitious materials. To the best of our knowledge, no treatment has already
been proposed in the literature for sealing pores in natural fibers. One possible treatment
could be to use PVA, which is soluble in ethanol, and coat the fibers by direct soaking.

In fact, the alkaline attack of the fibers happens after several wet-dry cycles. Re-
searchers studied the durability of sisal and coconut fibers in alkaline media and cement
composites [57]. The results demonstrated that after 300 days of immersion in a calcium
hydroxide solution, sisal and coconut fibers completely lost their flexibility. This behavior
was attributed to lime crystallization in the fibers’ lumen, walls, and pores, which led
to their mineralization and subsequent embrittlement. However, the alkaline attack was
reduced when the fibers were first conditioned in a NaOH solution. In addition, short sisal
fibers were more prone to embrittlement than long fibers because of the higher specific
surface area of the short fibers, which favored a faster penetration of cement hydration
products and, thus, the fibers” mineralization. Other researchers confirmed this finding [58]:
(a) during the first dry cycle, the loss of water causes a reduction of the transversal section
of the fibers, which, in turn, causes a loss of adherence with the matrix and the appearance
of pores at the fiber-matrix interface; (b) in the following wet cycle, water dissolves calcium
hydroxide, and this alkaline solution is absorbed by the fibers, causing them to swell; (c) in
the second dry cycle, water evaporates, and calcium hydroxide precipitates around and
inside the fibers” lumen. The process is repeated during the subsequent wet-dry cycles, and
the amount of precipitated calcium hydroxide increases.
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Accelerated carbonation has also been proposed to lower the pH of cementitious
materials. In this case, waste CO; is sequestered and fixed in the cement hydration products
(the process is also known as mineral carbonation) as portlandite, calcium silicate hydrates
(C-S-H) and calcium aluminate hydrates (C-A-H) contribute to the CO, uptake. In addition,
CO;, curing of cement-based products immediately after casting or when still in a fresh state
can lead to a fast strength development [59]. Eucalyptus pulp (0.8 mm in length, with a
diameter of about 16 um and an aspect ratio of 51)-reinforced cementitious composites were
submitted to 2 days of controlled curing (at 60 °C and 90 RH%), followed by accelerated
carbonation for 26 days in ref. [60]. This process led to a decrease in the cement paste’s
alkalinity and an increase in the mechanical, physical, and microstructural properties of
samples at 28 days of age. The samples were also submitted to 200 and 400 accelerated
aging cycles and 1 year of natural weathering. The decrease in portlandite amount led to
a lower porosity content. It contributed to good fiber-matrix adhesion and the improved
durability of carbonated composites with respect to non-carbonated cured samples, where
the embrittlement of fibers was observed. Thus, accelerated carbonation of cementitious
materials in the fresh state is compatible with the use of vegetal pulps as reinforcement.

4. Self-Sensing Cementitious Materials

Cement-based materials contain capillary pores partially filled with free water and
dissolved ions that can move when applying an external electric field. However, the
connectivity between pores is a function of the water to cement (w/c) ratio used for material
preparation. Thus, the tortuosity of the current flow path can be increased if the w/c is
low, as in ECC [61]. Moreover, contact impedances between the different phases of the
composite microstructure are high. Under any applied mechanical strain, spatial separation
between conductive phases leads to a change in the bulk resistivity of ECC and makes
the material piezoresistive. The piezoresistivity of ECC is higher under tension, especially
during strain hardening, with respect to compression and can be successfully exploited to
sense tension-related damage [62]. ECCs, like concrete and cementitious materials, have a
bulk resistivity in the range from 10 to 10° Q0.m, like semiconductors [63,64].

It is now well known that when adding some conductive fillers such as carbon fibers
or nanofibers (CNFs), carbon black, carbon nanotubes (CNTs), graphite, graphene, nickel
powder, steel slag and fibers, and iron oxide to concrete, the cementitious composites may
sense stress, strain, cracks, and temperature, among other things. Thus, future applications
target structural health monitoring, vehicle speed monitoring, and weighting in motion.
Because hardened concrete is not an electrically conducting material, the filler governs the
electrical behavior of self-sensing composites. The particles are randomly distributed in
the matrix, forming a conductive network inside the cementitious matrix (Figure 5). When
reaching a particular amount of filler, called percolation threshold, a network originates,
and any external load applied could induce variations of its electrical resistance. The
direct percolating path associated with indirect electron hopping (quantum tunneling)
builds up the network. It plays a fundamental role when the filler concentration is below
and above the percolation threshold [24,65]. When an external force is applied to the
composite, the distances between the conductive filler particles are modified, resulting
in the variation of the electrical resistance. For example, under compressive loading, the
initial distance of carbon fibers decreases or becomes null because of the deformation; thus,
the electrical resistance decreases. Of course, if the compressive stress is within the elastic
range of the composite, the strain and resistance are reversible when unloading. However,
crack formation and propagation within the cementitious matrix can be demonstrated by
measuring the variation of electric resistance and monitoring the structure in real time.
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Figure 5. Schematic of log conductivity versus carbon black content describing a percolation curve.
Reprinted from ref. [66] with permission of John Wiley and Sons Inc., 2013.

When manufacturing self-sensing concrete, reaching a good dispersion of the con-
ducting nanoparticles is of paramount importance and makes the electrically conductive
network more sensitive to the applied load (i.e., the electrical variation will be higher under
the same load). To this aim, it is widely reported in the literature that mechanical mixing,
sonication, and the addition of dispersants are needed because of a correct dispersion of
nanomaterials that easily form agglomerates due to van der Waals forces [67]. Another
inconvenience due to the formation of filler clumps because of a poor dispersing process
is that they get shrunk under compressive loads and do not recover to their original form
when unloading [68]. This creates gaps that can damage electrical properties and me-
chanical strength. Moreover, Yu et al. [69] showed that the contact between CNTs could
be interrupted by surfactants’ molecules, causing a high signal noise at low stress levels.
However, Coppola et al. [70] observed an enhancement of the piezoresistive behavior when
using surfactants. The same trend was also shown by D’Alessandro et al. [71].

Nanoparticles” functionalization is also used to limit agglomeration, as functional
groups favor the dispersion of CNTs in solvents by increasing their hydrophilicity [72,73].
The main functional groups can be classified into hydrocarbyl (alkyl and alkenyl), halogen
(fluoro and chloro) and oxygen (hydroxylic and carboxylic) groups. However, covalent
functionalization tends to damage CNTs, as the most common process of covalent function-
alization of CNTs is based on oxidation with strong acids (such as, for example, nitric acid,
sulfuric acid . .. ). Thus, non-covalent functionalization based on physical wrapping or the
adsorption of surfactants onto the surface of CNTs during ultrasonication treatment was
also investigated. In this case, the force between CNTs and polymer/surfactant molecules
might be lower than the covalently functionalized CNTs, causing a weaker load transfer
between CNTs and the matrix [74]. However, functionalized carbonaceous nanomaterials
can also be toxic [75].

The rheology of the fresh cementitious pastes might be the critical factor responsible
for the distribution of the conductive phases, electron movements, and the formation of
the conductive paths in cement-based composites [76]. A recent complete and exhaustive
review on CNTs in cementitious composites is presented in ref. [77].

When dealing with self-sensing mortars and concretes, either the two-probe or four-
probe techniques are commonly used to monitor strains in cementitious composites. In the
two-probe technique, the same electrodes are used to measure the change in voltage when
testing the sample. On the contrary, the current passes through the two outer electrodes
in the four-probe technique, while the voltage is measured in the two inner electrodes
(Figure 6). This second technique is preferred because of the two main drawbacks presented
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by the two-probe technique: the contact impedance between the electrodes and the sample
and the possible errors during the measurements if polarization of the sample occurs [78].
To overcome this drawback, alternating current (AC) is preferred rather than direct current
(DC) because polarization cannot happen [79]. Another possible inconvenience with AC
measurements, if the applied voltage is higher than 1V, is water electrolysis. Another
method to limit specimens’ polarization is to dry them before testing preventively. However,
this precaution seems rather challenging to actuate if we think of cementitious composites
for the structural health monitoring of real structures. If a frequency response analyzer
(FRA) is used to measure the amplitude and the phase of the applied sinusoidal current,
then the complex impedance of the sample can be measured in function of the AC frequency
(Figure 6). Then, the real and imaginary components can be assigned to the conductivity
and capacitive properties of the specimen, respectively.

FRA

Cement-based specimen

Figure 6. Conductivity measurement based upon the 4-point probe technique. Elaboration from
ref. [78].

Several factors influence the sensing property of smart cementitious composites [80].
The main factor is the functional filler concentration: the relative change of electrical
conductivity in function of the volume fraction curve usually shows a maximum value
shape when samples are under loading. Therefore, a proper volume fraction (V¢.) should
be selected to manufacture a sensitive smart material. The geometrical shape of the filler
is also crucial, as shorter fibers are better than longer ones, even if they will lead to a
higher Vi, value (and a higher fiber addition) [81]. Self-sensing cementitious composites are
also load-rate dependent: a high loading rate limits crack propagation and pseudo-plastic
deformation of concrete composites, which may alter the displacements of conductive
fillers inside the samples under loading. The specimens’ water content is also essential and
can significantly alter the results. From unpublished previous experimental results with
polymeric strips, including 13 wt% of MWCNTs embedded in mortar samples, when the
specimens were wet, a 370% increase in the sensor response was observed with respect
to dried specimens. This result was probably obtained because the ionic conduction in
the pore solution of cement paste is much higher than the electronic conduction in the
wet state.

Temperature changes result in the expansion or shrinkage of composites and conduc-
tive networks. Thus, on the one hand, the resistivity drops down when the temperature
increases due to the higher thermal energy of electrons, while on the other hand, the
resistivity increases due to physical expansion. Then, a compensation circuit has to be
connected to the cement-based sensor to correct the temperature drift [76]. Freeze-thaw
cycles also cause repeated deformations and create cracks in the cementitious matrix that
damage the sensing properties.

The first paper on smart cementitious materials reinforced with carbon fibers was
proposed by Chen and Chung back in 1993. These authors used fibers (0.5 wt% with respect
to cement) with a diameter of 10 um, a fiber length of 5.1 mm, a tensile strength of 690 MPa,
and an elongation at break of 1.4%. Latex, methylcellulose and silica fume were also added
to disperse the fibers. During loading, the resistivity increased by 1040% in the mortar
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containing fibers and methylcellulose when the compressive load was increased up to the
sample’s fracture point [82]. Later on, Han et al. studied cement-based materials with
6-mm long CF and nano carbon black [83]. The prepared sensor reached a sensitivity of
1.35%.MPa~! (0.0227% pe ! and a gauge factor equal to 227). The gauge factor (G) is the
ratio of the relative change in resistance (AR/Ry) by the relative change in length (Al/lp)
and is a unitless number. The gauge factor gives information on the sensor sensitivity and
the expected change in resistance for a given change in length. Carbon fibers (6 mm long
and 11 pm in diameter) were also associated with CNTs (10-30 pm in length and 10-20 nm
outer diameter) in ref. [33]. The samples were able to sense strain and microcracks because
when they appeared, a sudden increase of the resistivity could be observed. However, if
the resistivity of the produced cement-based composites varied with the applied stress,
their response was nonlinear and rate-dependent. Erdem et al. [9] experimentally assessed
the self-sensing damage of cementitious composites by incorporating various types of
fibers, including carbon nanofibers, carbon fibers and steel fibers. They reported that
the elastic modulus of concrete decreased in the presence of these fibers, while the steel
fibers presented the minimum decrement. It was demonstrated that carbon fibers were
not effectively able to minimize the development of microcracks, whereas they were able
to maintain the concrete’s compactness. On the contrary, carbon nanofibers effectively
minimized the expansion of microcracks and fractures and maintained the compactness of
the fractured concretes.

CNTs are carbon allotropes made of rolled graphene sheets classified into two main
groups: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). Their tensile strength ranges from 11 GPa to 63 GPa, and their Young's
modulus ranges from 270 GPa to 950 GPa [77]. The length of CNTs varies from less
than a micron up to several centimeters. Their diameter depends on the number of walls:
SWCNTs typically have a diameter below 2 nm, while MWCNTs present a diameter ranging
from 5 nm to about 100 nm. Thus, CNTs may show a very high aspect ratio. However,
MWCNTs are mainly used in cementitious composites because of their lower cost and
ease of dispersion compared to SWCNTs. Generally, functionalized COOH-CNTs favor
nucleation during the hydration process, enhancing cement hydration and pore bridging
and leading to a denser microstructure. A summary of the main results obtained with
CNTs is depicted in Table 4.

Table 4. Piezoresistivity (i.e., the electrical resistivity changes in the function of the applied strain)
results with CNTs dispersed in cementitious systems. Reprinted from ref [77] with permission of
Elsevier Ltd., 2022.

Matrix CNT Type CNT (wt%) Dlsper‘smn Results Ref
Technique
Pristine MWCNT i cabion | . 10% fractional change in resistivity
Paste 0.50 Ultrasomtca’non in [84]
. Acid-treated MWCNT water . 14% fractional change in resistivity
. 8.8% fractional change in resistivity (5.2 MPa
0.06 cyclic compression stress)
’ . 10.3% fractional change in resistivity (8.6 MPa
cyclic compression stress)
Acid-treated MWCNT Mixed with water
° 9.4% fractional change in resistivity (5.2 MPa
Paste 0.10 cyclic compression stress) 85]

. 11.4% fractional change in resistivity (8.6 MPa
cyclic compression stress)

Pristine MWCNT

. 5% fractional change in resistivity (5.2 MPa
0.10 Mixed with water cyclic compression stress)

’ & SDS as surfactant e 7.2% fractional change in resistivity (8.6 MPa
cyclic compression stress)
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Table 4. Cont.
Matrix CNT Type CNT (wt%) %zﬁ::‘l‘:: Results Ref
0.10 . 4.5% fractional change in resistivity (04 kN
’ Surfactant-assisted cyclic compressive load) [86]
Paste Pristine MWCNT ultrasonication
030 using PSP e 1.4% fractional change in resistivity (0-4 kN
’ cyclic compressive load)
Surfactant-assisted . 1.8% fractional change in resistivity (1.25 MPa
Mortar Pristine MWCNT 0.60 ultrasonication ) 1‘.) - % ty (1. [87]
using PSP cyclic compression stress)
0.08 . 6.6% fractional change in resistivity (0-5 kN
' cyclic compressive load)
0.50 Surlfta ctantjasts.i sted 3.20% fractional change in resistivity (0-5 kN
Mortar Pristine MWCNT ’ ultrasomication cyclic compressive load) [88]
using PSP y P
0.10 . 10.58% fractional change in resistivity (0-5 kN
’ cyclic ompressive load)
0.10 Dry mix e  No sensing ability was obtained

Note: MWCNT: multi-walled carbon nanotubes; PSP: polycarboxylate-based superplasticizer; SDS: sodium
dodecyl sulfate.

Single (5-30 um in length and 1-2 nm outer diameter) and multi-walled (10-30 pm
in length and <8 nm outer diameter) CNTs were also combined with CNFs (50-200 pm
in length and 100-150 nm in diameter), and a polycarboxylate superplasticizer (SP) was
used as a dispersant [89]. In composites with CNTs or CNFs, when nanoparticles of smaller
diameter are used, samples containing a higher number of CNTs/CNFs, while keeping
constant the CNT/CNF concentration, present a higher number of CNT/CNF contact
points and a shorter tunneling gap at contact points. Thus, their resistance can be more
easily changed when a load is applied to the material. Hybrid fillers can significantly
increase the sensing properties of cementitious composites, which cannot be achieved by
any single filler alone (Table 5).

Table 5. Change of sensing properties because of hybrid functional fillers (intrinsic self-sensing).
Reprinted from ref. [80] with permission of Elsevier Ltd., 2015.

Hybrid Fillers Improved Sensing Parameters Compared Filler Ref
Reliability CF alone
CF and CNT . [90]
Sensitivity
MFA and SS Sensitivity MFA or SS alone [91]
Reproducibility CF alone
CFand CB - [92]
Linear response
Repeatability CF alone
CNT and CF . [93]
Stability
CNT and CB Sensitivity CNT alone [94]
Stability of conductivity CF alone
CF and GP — [95]
Sensitivity
Iron containing conductive e
functional aggregate and CF Sensitivity CFalone o6l
Background resistivity PVAF alone
(PVAF) and CB [97]

Sensitivity
Note: CF: carbon fiber; CNF: carbon nanofiber; CNT: carbon nanotube; CB: carbon black; MFA: magnetic fly ash;
GP: graphite powder; SS: steel slag; PVAF: polyvinyl alcohol fiber.
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However, CNTs/CNFs with higher specific surface areas are more difficult to dis-
perse in solution. The samples with 0.1 wt% of carboxylic group functionalized SWCNTs
(0.4 wt% of SP with respect to the cement) showed higher responses among the different
investigated compositions.

Park et al. [98] studied the influence of CFs with two different aspect ratios. They
found that the electrical resistivity decreased from 8 M() to 6 M() when the aspect ratio
changed from 2 to 12. The sensor made with the CF with a higher aspect ratio also improved
the self-sensing ability because the percolation threshold was more easily reached. On
the contrary, powders have a low aspect ratio and are easily wrapped by the surrounding
cement paste. Then, conductive paths are more likely interrupted, leading to the fact that
a low amount of powder grains in the composite has a limited effect on improving the
conductivity of sensors.

The humidity content of the specimens is the dominant factor affecting the piezoresis-
tive sensitivity of the CNT-based cementitious composites [99]. The resistance of samples
cured under dry air changes according to the applied compressive loads, whereas moist
cured specimens do not show any piezoresistive response. However, the piezoresistive
sensitivity of moist-cured specimens after oven drying is enormously improved. In addi-
tion, the sensitivity of the samples is higher when the water/cement ratio decreases. The
functionalization of CNTs with carboxyl groups increases the sensitivity by 150% because
of the better dispersion of CNTs when they are functionalized with carboxyl groups.

Furthermore, 0.15 wt% CNTs with respect to cement were used to assess the damage
level in concrete infrastructures over time in ref. [100]. The authors determined a relation-
ship between the slope of the electrical response of the CNT-based sensor as a function of
the number of loading/unloading cycles and the damage level within the concrete beam.

MWCNTs were also dispersed into polypropylene strips to be embedded into mortar
samples [101]. PP/CNT nanocomposites with 5 wt% of MWCNTs showed remarkable
sensing properties, with an average gauge factor (GF) of approximately 1400. In addition,
load-unload cycles showed good recovery of the initial impedance value.

Finally, CNTs can also be used to monitor corrosion through the electrical impedance/
conductance technique [102]. AC and DC measurement techniques evidenced that 0.50 wt%
CNTs were suitable for detecting corrosion-induced damage initiation and propagation.
Though the method is very promising, the investigated frequency range and the positioning
of sensors (when the sensors were located close to the rebars, the conductance was higher
and the noise level was limited) into the concrete specimen have to be carefully investigated
to evaluate the damage due to corrosion effectively.

Graphene nanoplatelets (GNPs) have a 2D sheet-like structure with a thickness of
a few nanometers and present extraordinary mechanical and electrical properties, with
an ultimate tensile strength up to 130 GPa and a resistivity of 10~° Q.cm [103]. However,
graphene is difficult to disperse considering its very high specific surface area [104]. On the
contrary, graphene oxide (GO) can be dispersed more efficiently and is more compatible
with cement due to the presence of oxygen-containing functional groups (hydroxyl, epoxide,
carboxyl, and carbonyl groups) [105]. These groups facilitate calcium silicate hydrates’
(C-S-H) nucleation and chemical bonding with the cementitious matrix, thus enhancing
GO-reinforced cementitious composites’ mechanical strength [106-108]. Moreover, because
of its nanoscale size, GO is able to fill in tiny cracks and voids remaining between hydration
products of cement, thus reducing the porosity of composites [109] and increasing their
durability. Finally, GO sheets can provide a toughening mechanism and increased failure
tolerance by triggering crack deflection, branching, and bridging [110,111]. However, the
extensive functionalization of GO reduces its mechanical properties [112]. To this aim, the
excessive number of functional groups of GO can be partly removed to obtain reduced
graphene oxide (rGO), which restores the mechanical properties of pristine graphene while
keeping the necessary hydrophilicity to allow its dispersion in water/cement systems.
Another drawback of oxygen functional groups in GO is the increase of the electrical
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resistance because of a denser microstructure [113]. Thus, replacing GO with rGO increases
the electrical conductivity of composites by partially restoring sp?-bonded clusters.

In 2014, Le et al. [114] determined the percolation threshold in self-sensing mortars to
be in the range from 2.4 to 3.6 vol% of GNPs (10-15 wt% with respect to cement; 2.6 pm
in lateral size and 2.6 nm in thickness). This addition of GNPs led to a reduction of the
electrical resistivity of cement mortar from 10% to 1 kQ.cm. The most sensitive piezoresistive
response was found for 5 vol% of few-layer graphene fillers (with a lateral size of max. 2 pm
and a thickness of 1-5 nm) [115]. Liu et al. [116] found that 6.4 wt% GNPs (with a thickness
of 5-10 nm and a lateral size of 2-5 pm) may be the threshold value to manufacture
strain-sensing concrete with high sensitivity.

Figure 7 shows the responses of cement pastes loaded with MWCNTs, CNFs, CB, and
GNPs submitted to a harmonic compression load with frequencies ranging from 0.1 to
10 Hz. All the samples were made with the same water to cement ratio (w/c = 0.4) and the
same amount of filler (8.3 g/415 g of cement, 2% by mass of cement). A variable amount of
polycarboxylate ether-based plasticizer was added in the function of the specific filler.

(a) 0 PASTE CNT
T ERVAYAVAYAVAYAYA ||

-40 T r I
9600
9200
R (k) ggon
8000 -
7600 ————
(b) 0 PASTE CNF
e g0 \A/\/N/\/\/\/\MW |
727_ [
70j
R (k) 68 —
GGMWW
64 — ’ . . | . T : - " T . - & . : h . .
(c) 0 PASTE CB
ne 128 W/ \/’\/\ﬁ\w\”\"
408
404 —
R (k) 382NWWW
392
388
(d) PASTE GNP
- 128‘ NNNNNN
196ﬂ
194
R (k) 1251 - Strain
b — Resistance
186 e [ e [
0 10 20 30 40 50 60 70 80 90

Time (s)

Figure 7. Measured strain and electrical resistance for cement pastes with MWCNTs, CNFs, CB and
GNPs from strain-sensing tests. Reprinted from ref. [117] with permission of Elsevier Ltd., 2017.

Figure 7 also reports the average strain measured by means of two strain gauges
attached on opposite faces of the specimens and the resistance of the strain-sensing pastes.
All samples showed particular sensitivity to strain, but the best results were obtained with
MWCNTs (better output signal quality). The paste with MWCNTs also showed the highest
gauge factor (4139) and strain sensitivity (3.763 x 10! Q), both of which were orders of
magnitude higher with respect to all the other samples; this paste also showed the highest
Young’s modulus [117].

These results agree with those of Tao et al. [118], who found that CNTs and GNPs
influenced the piezoresistivity of cement composites in different regimes because of various
geometrical features and interactions with the cementitious matrix. In dried samples, at
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low loads, GNPs performed better, while over the entire loading range, CNTs changed the
piezoresistivity in a continuous mode (Figure 8).
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Figure 8. Response of cement composites: (a) loading cycles, (b) fractional change ratio of CNT-01
and GNP-01 composites, with 0.1 wt% of fillers concerning cement, (c) fractional change ratio of
CNT-05 and GNP-05 composites, with 0.5 wt% of fillers with respect to cement. (d) Fractional change
ratio curves of the last loading path and (e) gauge factors at different loading levels. Reprinted from
ref. [118] with permission of Elsevier Ltd., 2020.

Damage was also detected in concrete samples after GNP filler addition [103]. Two
materials were prepared with about 20 (C20) and 30 (C30) MPa of compressive strength. The
GNP-to-cement weight ratio was 4.5% (0.43 vol% and 0.61 vol%, respectively, for specimens
C20 and C30). At the beginning of the compression of the samples, usually below 40% of
the peak force, elastic deformation occurs, and the distances between conductive particles
are reduced, which leads to an increase in conductivity. As the compression proceeds, the
concrete starts to develop a plastic deformation because of microcracks propagation in the
cement paste. This leads to a rise in the electrical resistivity, especially once macro cracks
occur in the sample, as the resistivity then increases sharply. Then, it is possible to follow
the damage process during tests.

It is worth highlighting that, in addition to the self-sensing ability, the incorporation of
graphene into cementitious composites allows the real-time monitoring of chloride-induced
corrosion. In fact, chloride detection is based on the relationship between the number of
chloride ions and the conductivity of graphene-based composites [119].

Nevertheless, the studies related to the piezoresistivity of cementitious materials
are mainly limited to compressive strain and stress due to the brittleness of concrete.
In contrast, ECC materials show superb mechanical performance, especially in sensing
flexure, compressive and tension-based damage, which makes them valuable to assess their
self-sensing properties [120]. Huang et al. [121] incorporated fly ash (HFA) and carbon
black into ECC to investigate ECC’s self-sensing properties through a two-probe method
under a static current field. All the samples showed resistance increments when cracks
formed between the two electrodes. Based on their results, ECC, HFA-ECC, and CB-ECC
demonstrated average tensile strain capacities of 2.61%, 3.84% and 3.44%, respectively.
Suryanto et al. [122] developed ECCs with conductive inclusions such as conductive sand,
a hybrid mix of conductive sand, and milled carbon fibers to be used in self-sensing
applications. They also suggested that microcrack formation in ECC can be helpful for
monitoring tension-related damage in a controlled way. Siad et al. [34] added carbon fibers
and CNT to the ECC mixture to develop a smart material that presents both self-healing
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and self-sensing capacities, while preserving the features of standard ECC, including high
mechanical and ductility.

Though cement-based sensors have been studied for almost 30 years, their commercial
applications are still in their infancy. Thus, high piezoresistivity effectiveness, sensitivity,
and accuracy are needed in the future. Future works should focus on the optimization of
matrices and new conductive materials.

5. Biochar

When biomass pyrolysis is performed at high temperatures without oxygen, it leads
to a thermochemical decomposition. Under these conditions, biomass is decomposed into
three categories of products: condensable vapors, gases, and a carbon-rich solid residue
(i.e., biochar). By changing the experimental conditions, three different types of pyrolysis
can be conducted. Slow pyrolysis is done with a low heating rate (~1-100 °C.min"!), a
long residence time of the hot vapors in the reactor (~10-30 s), and a holding time at the
highest temperature from a few minutes to a few hours. On the contrary, fast pyrolysis
is characterized by a high heating rate (~100-1000 °C. s~'), a reduced residence time
of hot vapors (~1 s), and a process temperature ranging from 450 °C to 550 °C. Finally,
conventional pyrolysis is conducted in intermediate conditions between the previous
ones. The last two types of pyrolysis are better suited for biochar production, which is
characterized by the following properties: low density, low thermal conductivity, thermal
stability, electrical conductivity, and intrinsic mechanical properties (hardness and elastic
modulus). These features are strongly influenced by the synthesis parameters that condition
the biochar’s elemental composition, volatiles, fixed carbon and ash content, aromatization
degree, and porosity [123].

The electronic conduction in a carbon matrix is strongly influenced by the presence
of sp? hybridized orbitals of the carbon atoms associated with delocalized electrons in p
orbitals perpendicular to the sp? orbitals’ planes. When aromatization evolves, biochar
tends to replicate the structure of graphite, which is a crystallographic structure made
of parallel planes with delocalized electrons on the whole plane. Thus, an anisotropic
electrical conductivity that is highest in the plane direction and equal to 0.33 x 10° S.m™!
is obtained. Biochar’s chemistry also has a strong influence on its mechanical properties:
the hardness/elastic modulus are correlated to the carbon content and the presence of
covalent bonds between carbon atoms in aromatic structures, in combination with the
loss of oxygenated functional groups. Typically, biochar has a negative superficial charge
favoring adsorption by electrostatic attraction of positively charged compounds [124].
Through proper surface modifications, it is possible to obtain a positively charged biochar
compatible with the adsorption of anionic species [125]. Because of its electrical prop-
erties, biochar was proposed as a humidity-sensing material [126,127]. In the last years,
the effect of the addition of biochar to cementitious materials was deeply investigated.
Ahmad et al. [128] demonstrated that adding 0.08 wt% coconut shell-derived biochar signif-
icantly improved cement paste’s mechanical properties. For example, compressive strength
and fracture toughness increased by 25% and 76%, respectively. Moreover, these authors
showed that the interactions between the biochar particles and cement particles play an im-
portant role in resisting crack propagation and absorbing fracture energy. Choi et al. [129]
investigated biochar as a cement replacement for manufacturing mortars with exciting
results, especially for low percentages of cement substitution. In addition, the use of
biochar, as a supplementary admixture, has been shown to accelerate setting [130], in-
crease early-age compressive strength [130], flexural strength [131], toughness [132,133],
and electromagnetic interference shielding effectiveness [134]; reduce autogenous shrink-
age [135,136] and improve water tightness [137] of cement-based composites. Due to the
presence of micropores, biochar can entrap water in cement mixes and favors internal
curing by slowly releasing the retained water during the hardening process of composites,
improving the development of mechanical properties at later ages [138]. The blending of
more fine and coarser biochar particles can also enhance the rheological properties, packing
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density, strength development, hydration kinetics and total hydration of cement-based com-
posites [139]. Therefore, the use of biochar has potential advantages for the environment
(potentially including CO, capture) and the cement industry since it can simultaneously
reduce cement consumption (considering the huge amount of cement yearly produced:
about 4.1 Gt in 2019, as estimated by Cembureau) [140].

Recently, Haque et al. [141] described the utilization of modified biochar as a partial
replacement of cement to improve the properties of the cementitious composite, including
its electrical conductivity, low permeability, durability, and sustainability. Moreover, they
highlighted the application of this modified biochar for producing self-sensing cementitious
composite. In fact, the stress and strain in the self-sensing composite can be determined by
measuring the fractional change in resistivity (FCR). Based on their experimental results,
there was a linear correlation between the FCR and stress level, which indicated that
these composites are good candidates for the manufacturing of self-sensing cementitious
composites. Thus, biochar can be used as a possible novel conducting filler for self-sensing
ECC manufacturing.

CNCs are a good feedstock candidate for the production of nanostructured carbon
materials. Thus, pyrolyzed CNCs have already been proposed to produce supercapac-
itors [142] and anodes for lithium batteries [143], for example. Carbonized round-like
CNCs were also incorporated in epoxy-based composites to improve their mechanical
performances [144]. CNCs were mixed with poly(acrylonitrile) and led to carbon fiber
with a tensile strength of up to 2.3 GPa and a tensile modulus as high as 265 MPa [145],
comparable to traditional carbon fibers. Pyrolyzed CNCs can be also promising alternatives
to carbon-based materials such as CNTs or carbon fibers.

Furthermore, cellulose nanofiber production is now industrial, with various large
paper manufacturers having multi-ton production facilities in Europe (mainly Scandinavia),
Canada, Japan, and the United States. Therefore, pyrolyzed CNCs could be used as a
biochar addition to manufacturing future self-sensing ECC materials for resilient infras-
tructures and buildings able to self-detect damages. In this instance, 3D printing, and the
addition of biochar could strongly enhance the production and diffusion of smart concretes.

6. Conclusions

Cementitious materials are widely utilized worldwide due to their features and low
cost. Nevertheless, degradation is unavoidable even at an early stage of the service life.
Therefore, real-time detection of damage in concrete structures, maintenance and repair are
vital in our society. When a concrete structure is subjected to dynamic loading, it is of great
interest to monitor damages in order to minimize the hazard. Generally, a damage-sensing
device is applied through the attachment or the embedment of sensors. However, the
applications of these sensors are limited due to their reduced durability and volume of
sensing, as well as high costs.

Self-sensing mortars and concretes have been studied for structural health monitoring
for the last 30 years by incorporating conductive fillers in the cementitious matrix. All these
sensors are resistive-based sensors; the measured resistance values depend not only on the
applied stress but also on the temperature. Thus, temperature compensation circuits have
also to be taken into consideration when designing SHM systems with such sensors. Finally,
among the different investigated conductive carbonaceous materials, biochar was recently
successfully investigated to improve the mechanical properties, internal curing, and CO,
capture of concrete, as well as for self-sensing ECC preparation. To this aim, biochar can
be used alone or in combination with pyrolyzed cellulose nanofibers that also have the
potential to be used to manufacture new self-sensing ECC materials.
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