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Biochar (BCH) and recycled carbon fibres (RCF) were used as carbonaceous additions in low-resistive mortars/
concretes. Their effects on mechanical, electrical, and durability properties were investigated. Tests were per-
formed both during curing and accelerated degradation. The combined use of RCF and BCH decreased the
electrical impedance of cement-based matrices, enabling the use of low-cost monitoring instrumentation, and
improved their mechanical performance. Recycled carbon fibres and biochar additions increased carbonation
and capillary water absorption but acting as a barrier they made water and chlorides penetrate less deeply.

1. Introduction

Conductive fibres and fillers based on carbon are often added in
concrete to enhance self-sensing and electromagnetic shielding proper-
ties, to reinforce the material, and to improve thermal and acoustic
properties [1]. The present authors have previously tested both recycled
carbon fibres (RCF) and gasification char (GCH) as additions in pastes,
mortars, and concretes [2] to increase both electrical conductivity and
mechanical strength. The current European regulations allow the use of
the tested GCH (CER Code 100103) in mortars/concretes. However,
safety issues can be raised owing to its high content of aromatics (ben-
zene 308 mg/kg, toluene 93 mg/kg, ethylbenzene 16 mg/kg, xylene 8
mg/kg, and ethyltoluene 2 mg/kg, for a total of 428 mg/kg tested ac-
cording to the DIN ISO 22155-05 standard), which prevent its use in
some European countries, where local regulations are more restrictive
than the European ones. Therefore, the authors looked for an alternative
material, namely biochar (BCH). Biochar is a by-product obtained from
the pyrolysis of different types of vegetable biomass, including forestry
and agricultural residues, to obtain a gas (syngas) with a calorific value
equal to liquefied petroleum gas (LPG), which can be used in production
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processes. Biochar was chosen as alternative to gasification char because
of multiple reasons: i) BCH has a lower aromatics content than GCH
(benzene 1.0 mg/kg, toluene 1.3 mg/kg, ethylbenzene 0.1 mg/kg,
xylene 0.4 mg/kg, and ethyltoluene < 0.1 mg/kg, for a total of 3 mg/kg
tested according to the DIN ISO 22155-05 standard); ii) BCH structure
seems to be similar to GCH, being a by-product produced by the thermal
treatment (pyrolysis) of biomass and other organic matter [3], thus also
its physical, mechanical, and electrical properties might be comparable;
iii) the availability of BCH is high due to the wide diffusion of thermal
biomass power plants. Moreover, BCH is rich in carbon and has a
microporous structure making it useful for different applications, such as
soil quality enhancement, removal of heavy metals from aqueous solu-
tions, and as fuel [4]. It can be stated that including biochar in concrete
improves both mechanical strength (the optimum content is of
approximately 2 wt% [5]) and thermal properties. Indeed, it is able to
effectively replace part of cement, contributing to reduce CO2 emissions
[6]. Furthermore, biochar is being investigated also to obtain carbon-
—neutral concrete, thanks to its capability of storing CO, absorbed from
atmosphere [7]. Gupta et al. [8] highlighted the improved water tight-
ness and mechanical performance of concrete thanks to BCH addition.
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They reported that an addition of BCH at 0.5 wt% offers an improvement
of 16% in compressive strength at 28 days, whereas an addition at 1.0 wt
% reduces capillary water absorption and water penetration depth by
28% and 43%, respectively. The improvement in terms of compressive
strength is confirmed by other studies. Akhtar and Sarmah reported that
an addition of BCH at 0.1 vol% in concrete increases compressive
strength of approximately 20%, without significantly modifying water
absorption [9]. Gupta and Kua [10] observed an enhanced mechanical
performance (40-50% in terms of compressive strength) with the
addition of pre-soaked biochar at 2.0 wt%. Biochar also increases the
water retention capability, the hydration degree, and the water tightness
by reducing the water accessible porosity (18-20%) and the water
penetration depth (55-60%). The increased water retention capability
due to biochar addition is highlighted also by Choi et al. [11], who re-
ported that more water is required in the mix-design when biochar is
added owing to its carbon content and particular porous microstructure.
Several other applications have been investigated in the literature. Zao
et al. [12] investigated the use of BCH in vegetation concrete, finding
that a content of 5 kg/m® is optimal for ryegrass growth, thanks to its
large surface area and microstructure enhancing water retention ca-
pacity. Cuthbertson et al. [13] used BCH as a filler to improve thermal
and acoustic properties of concrete. They noticed that an increased BCH
content (maximum 12 wt% to preserve concrete integrity) leads to
reduced density and provides better sound absorption and thermal
insulation properties. Gupta et al. [14] discussed about the possibility of
using BCH in construction materials to capture and lock atmospheric
COo, thus contributing to reduce greenhouse gases emissions. Kua et al.
[15] investigated the employment of BCH as a carrier for bacteria spores
in concrete aimed to decrease permeability and recover sorptivity after
loading cycles (causing damages and cracks). This contributes to reduce
repair costs and extend the service life of concrete buildings. Falliano
etal. [16] found that the addition of BCH at 2.0 wt% (mixed with cement
in dry status) improves the fracture behaviour of foamed concrete,
without impairing the flexural strength. The positive effect of biochar on
cracking (e.g., post-cracking ductility and early-shrinkage cracking) is
confirmed by other studies [17,18].

On the other hand, carbon fibres have been extensively used to cast
self-sensing and low-resistive concretes, since they are extremely suit-
able to enable the monitoring of the compressive strain of concrete el-
ements thanks to their physical and chemical properties [19]. According
to Belli et al. [20], an addition of 0.1 vol% of virgin carbon fibres (VCF)
is able to decrease of more than 10% the electrical resistivity of cement
mortars, whereas 0.05 vol% of recycled carbon fibres (RCF) decreases
electrical resistivity of even 70%. However, an addition higher than 1.2
vol% of VCF or RCF causes a decrease of compressive strength because of
the presence of voids produced by fibre clumps, although the flexural
and tensile strengths continue to increase until dosages equal to 1.6 vol
%. Moreover, the use of RCF instead of VCF is attracting a wider and
wider attention for the circular economy principles focused to reduce
the concrete environmental impact [21]; the RCF diffusion is growing,
with an expected market of 222 million USD by 2026 (with a compound
annual growth rate of 12%) [22]. The present authors have already
tested RCF in concrete, finding that their addition at 0.05 vol% on the
total provides a decrease of electrical impedance equal to 6%. This
decrease significantly enhances (74%) when used in combination with
gasification char at 1.0 vol% on the total [23].

Even if the literature on the use of carbon-based additions to
manufacture multifunctional mortars/concretes is already wide, ac-
cording to the best of the authors’ knowledge, there are no studies
reporting the combined use of two carbon-based by-products as RCF and
BCH. Therefore, the aim of this study is to evaluate the performance of
BCH used in substitution of GCH as a conductive filler in cement-based
mortars/concretes. At first, five different types of BCH have been tested
in cement mortars to evaluate their effects on mechanical and electrical
properties. Then, the best performing BCH has been selected and added
to concretes with/without RCF to investigate their effect on the
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mechanical, electrical, and durability properties. These additions have
been chosen for their low cost and sustainability [20,24], besides giving
promising mechanical and electrical properties. Since the building ma-
terial sector represents 10% of CO, emissions and approximately 85% of
these emissions are linked to cement production [25], a low-clinker
cement, developed within the EnDurCrete project (GA No. 760639),
was used. The different concrete compositions have been characterized
in terms of mechanical performance (compressive and tensile strength)
and electrical impedance (the Wenner’s method was applied, using
stainless-steel electrodes installed in concrete specimens during the
casting phase). Since concrete durability (i.e., its capability to withstand
deterioration processes [26]) is directly related to the exposure envi-
ronment [27], the specimens have been exposed to five different
aggressive environments for accelerated degradation tests: salt-spray
chamber, accelerated carbonation, capillary water absorption, and
wet/dry cycles in water and in a chloride-rich solution. All these aspects
can be monitored through electrical impedance measurements, which
could be adopted as a long-term monitoring technique. Indeed, the use
of conductive additions in mortars/concretes decreases their electrical
resistivity, enabling to perform long-term monitoring with low-cost
instrumentation. Since aggressive agents penetrating in mortar/con-
crete matrices are often represented by water and ions, affecting their
electrical impedance [28,29], the existence of a correlation between the
measured electrical impedance of concrete and its degradation status
has already been stressed [23]. Therefore, this monitoring strategy can
early detect the contaminants ingress, facilitating to act promptly and
avoid a possible premature failure of the structure.

2. Materials
2.1. Biochar types

Biochar is typically commercialized in pellet form (Fig. 1a). How-
ever, before being added into mortars/concretes, it should be ground to
maximize its dispersion and optimize its effect on concrete electrical
resistivity [30,31]. For this reason, BCH was ground and sieved at a
particle size lower than 75 pm (Fig. 1b).

Five different types of BCH were tested before choosing the one to be
added into the final concrete mixes:

e FC: Filtercarb Biochar (supplied by Carbonitalia) is a vegetal gran-
ular coal not activated with chemicals and obtained through the
carbonization process at 700 °C of wood not chemically treated after
abatement;

e RAV: this biochar (supplied by RES Italia) is a vegetal granular coal
obtained by the pyrolysis of agricultural wastes at 850 °C;

e WSP: this biochar (supplied by UK Biochar Research Centre) is ob-
tained by Wheat Straw Pellets and is produced in a pilot-scale rotary
kiln pyrolysis unit with a nominal peak temperature of 700 °C;

e OSR: this biochar (supplied by UK Biochar Research Centre) is ob-
tained by Oil Seed Rape Straw Pellets and is produced in a pilot-scale
rotary kiln pyrolysis unit with a nominal peak temperature of 550 °C;

e RH: this biochar (supplied by UK Biochar Research Centre) is ob-
tained by Rice Husk and is produced in a pilot-scale rotary kiln py-
rolysis unit with a nominal peak temperature of 550 °C.

For comparison, the authors tested again the GCH, obtained by the
gasification of wood chips by means of a Holz-Kraft, Spanner Re? GmbH
gasifier [2] used in previous experiments. Gasification char was also
ground and sieved at 75 pm.

2.2. Mortar specimens
Mortar specimens were cast with a limestone cement CEM II A-LL

42.5 R; a calcareous sand (0/8 mm) was used in saturated surface dry (s.
s.d.) condition (water absorption of 2 wt%). An acrylic-based
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Fig. 1. a. Biochar in pellet form and b. ground and sieved biochar (particle size < 75 pm). Measurements are in cm.

superplasticizer (Dynamon SP1, Mapei S.p.A.) was used as admixture to
manufacture mortars with the same workability class (plastic, with a
flow value between 140 and 210 mm according to the EN 1015:3
standard), with a water/cement (w/c) ratio equal to 0.50 and a sand/
cement (s/c) ratio equal to 3. Both GCH and all the different types of
BCH were added at 0.5 vol% on the total. A reference mortar (mREF)
without GCH/BCH addition was also manufactured. The mix design of
mortars is as follows:

o mREF was manufactured with 510 kg/m® of cement, 255 kg/m® of
water, 1530 kg/m? of sand and 2.79 kg/m® of Dynamon SP1;

e mortars containing char/biochar were manufactured with 508 kg/
m° of cement, 254 kg/m°> of water, 1523 kg/m° of sand, 2.78 kg/m?
of Dynamon SP1 and 10.2 kg/m® of char/biochar.

The mortar batches were mixed in a mortar mixer, by adding at first
powder materials (sand, GCH/BCH, and cement) and mixed for 2 min.
Then, water and subsequently superplasticizer were added and mixed
for 3 and 10 min, respectively.

The mixture was poured in different moulds depending on the tests
to be carried out on specimens: specimens with 4 cm x 4 cm x 16 cm
dimensions were used for compressive strength tests, whereas for elec-
trical impedance tests mortar specimens were equipped with 4 stainless-
steel rods to be used as electrodes. In particular, 3 mm and 4 cm long
rods were embedded for half of their length with a distance of 2 cm, as
reported in Fig. 2.

Mortar specimens were cured in a climatic chamber at a temperature
(T) of 20 £ 1 °C and a relative humidity (RH) of 95 + 5% for 7 days, by
wrapping them in polyethylene films. Then, plastic films were removed
and specimens were left in a climatic chamber (i.e., T = 20 + 1 °C and

RH = 50 + 5%) until testing.

2.3. Concrete specimens

Concrete specimens were manufactured with a new cement, CEM II/
C-M (S-LL), developed by HeidelbergCement AG within the frame of
EnDurCrete project [32], whose composition is reported in Table 1. It is
a blend of ordinary Portland cement (OPC), ground granulated blast
furnace slag (GGBFS), and limestone filler. Being manufactured with
only 50 wt% of OPC, in 2021 this low-clinker cement has been added by
the European Standardization Committee to the family of common ce-
ments within the scope of the European standard EN 197-1. The com-
plete description and characteristics of this cement are reported in a
separate paper [33].

Calcareous sand (0/4 mm) was used as fine aggregate, whereas in-
termediate (5/10 mm) and coarse (10/15 mm) river gravels were used
as coarse aggregates. Aggregates, supplied by Nuova Tesi System Srl,
have water absorption of 0.4%, 0.9%, and 0.7%, respectively, and their
particle size distribution is reported in Fig. 3.

As conductive carbon-based additions, 6 mm-long recycled carbon
fibres CGF-6 supplied by Procotex Belgium SA (Fig. 4) and BCH (Fig. 1b)
were used. Recycled carbon fibres are a mix of carbon and graphite
polyacrylonitrile fibres obtained by polyacrylonitrile precursor, which

Table 1
Composition [wt%] of CEM II/C-M (S-LL) cement.

Cement OPC GGBFS Limestone filler
CEM II/C-M (S-LL) 50 40 10
—~f
|
40 mm
[
; !
20 MM ™o
M L ,:' &
160 mm

a0 mm

- .y

Fig. 2. Configuration of electrodes for electrical impedance measurements in mortars specimens: a. picture and b. drawing with dimensions.
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Fig. 4. Recycled carbon fibres.

come from spools of pure carbon fibres [20]. The BCH used in concretes
mixes was the one which has given to mortars the best compromise
between mechanical and electrical properties, hence high compressive
strength and low electrical impedance value (see Section 4.1). The
specific surface area is equal to 46.2 m?/g and 0.132 m?/g for BCH and
RCF, respectively. The average density is equal to 2.00 g/cm® and 1.85
g/em® for BCH and RCF, respectively. Concerning the chemical
composition, biochar is 100% amorphous carbon, whereas recycled
carbon fibres have a carbon content of 94%. Biochar and recycled car-
bon fibres were added at 0.5 vol% and 0.05 vol% on the total,
respectively.

Two polycarboxylate (PC)-based admixtures supplied by Sika AG
were used to manufacture concretes with the same workability (S5
class), with a w/c ratio equal to 0.42. In particular, PC2 is a high-water
reducing admixture and PC3 is a slump keeper.

The effect of conductive additions was evaluated in four different
concrete compositions: 1) REF EDC is the reference concrete without any
additions, 2) RCF EDC is the concrete with the addition of RCF at 0.05
vol% on the total, 3) BCH EDC is the concrete with the addition of BCH
at 0.5 vol% on the total, 4) RCF + BCH EDC is the concrete with the
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addition of both RCF at 0.05 vol% and BCH at 0.5 vol% on the total. In
concrete mixtures containing carbon-based additions, it was necessary
to increase the admixtures dosage to reach the same workability class of
concretes, probably because of the high specific surface of RCF and BCH.
The mix-design of the four compositions is reported in Table 2.

The concrete batches were mixed in a concrete mixer, by adding at
first dry materials (aggregates, BCH, RCF, and cement) and mixing for 5
min. Then, water was added and mixed for 5 min; finally, PC2 and PC3
were incorporated and dosed to reach S5 workability class and mixed for
20 min. Concrete was poured in different moulds depending on the
following tests to carry out on specimens: cubes of 10 cm per side and
parallelepiped moulds (10 cm x 10 cm x 20 cm) for mechanical tests.
Parallelepiped specimens were provided with 4 stainless-steel rods to be
used as electrodes for electrical impedance measurements. Rods with a
diameter of 3 mm and 4 cm long were embedded for half of their length,
as reported in Fig. 5; the inter-electrode spacing was equal to 40 mm.

Concrete specimens were cured in a climatic chamber at T = 20 +
1 °Cand RH > 95% for 28 days by wrapping them in polyethylene films.
Then, plastic films were removed and specimens were left at room
conditions (i.e., T = 20 + 5 °C and RH = 50 + 5%) before testing.
Accelerated degradation tests were started after a total of 35 days from
the casting day.

3. Methods
3.1. Mechanical tests

To evaluate the mechanical performance of mortars, their compres-
sive strength (R.) was measured on 4 cm x 4 cm x 16 cm specimens after
1,7, and 35 days of curing, according to the EN 1015-11 standard. Three
specimens per mixture were tested and the average result reported. For
concrete mixes, their R, was measured in compliance to the standard EN
12390-3 at 1, 7, and 28 days after cast on three cubic specimens (10 cm
per side) and the average result is reported for each test time. After 28
days of curing, also tensile splitting strength test was carried out on three
cubic specimens (10 cm per side) according to the EN 12390-6 standard.

3.2. Electrical impedance measurements

The electrical impedance of mortars/concretes was measured ac-
cording to the Wenner’s method [34]. Alternating Current (AC) mea-
surement was carried out at 10 kHz, by exciting the material through an
electric current injected through the external electrodes (i.e., Working
Electrode, WE, and Counter Electrode, CE) and measuring the corre-
sponding potential difference between the internal ones (i.e., Sensing, S,
and Reference Electrode, RE). Galvanostatic mode of Gamry Reference
600 Potentiostat/Galvanostat was used to carry out the measurements.
Results are reported only in terms of the real part of impedance, which is
the most affected by concrete durability [35]. Electrical impedance was
measured both during curing and accelerated degradation tests. After
28 days of curing, five different durability tests were performed: capil-
lary water absorption, salt-spray chamber exposure, accelerated
carbonation, water penetration (wet/dry cycles), and chloride penetra-
tion (wet/dry cycles). For the entire duration of testing, concrete spec-
imens (one per composition) dedicated to monitor the effect of simple
curing on electrical impedance (curing monitoring) were also consid-
ered (except for those exposed to wet/dry cycles). In this way, during
exposure tests the contribution of degradation and the contribution of
curing on the variation of electrical impedance value can be identified.

3.3. Accelerated carbonation and phenolphthalein tests

Concrete specimens were kept inside a CO, chamber at T = 21 +
1°C,RH = 60 £ 10%, CO3 = 3 + 0.2 vol%. The measurements included
both electrical impedance and carbonation depth assessment and were
carried out at O (i.e., start of test, after 35 days of curing), 7, 14, and 21
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Table 2
Mix-design of concrete specimens.
Mixture Cement Water Sand Intermediate gravel Coarse gravel Air Admixture BCH RCF
[kg/m’] [kg/m’] [kg/m’] [kg/m’] [kg/m’] [%] [kg/m’] [kg/m’] [kg/m’]
PC2 PC3
REF EDC 375 158 912 366 623 2.4 1.10 1.27 - -
RCF EDC 375 158 911 365 622 2.4 1.46 1.42 - 0.92
BCH EDC 373 157 907 363 619 2.4 1.45 1.41 10.20 -
BCH + RCF EDC 373 157 907 363 619 2.4 1.45 1.41 10.20 0.92

Fig. 5. Configuration of electrodes for electrical impedance measurements in concrete specimens: a. picture and b. drawing with dimensions.

days of exposure. Phenolphthalein test was carried out to measure
carbonation depth in compliance with the standard EN 13295 [36] on
dedicated specimens with the same compositions and the same exposure
conditions of specimens for electrical impedance measurements. An
automated system for the objective and accurate measurement of the
carbonation depth, previously developed by the present authors, was
used [37]. In brief, specimens were broken and the internal surface was
treated with 1% solution of phenolphthalein in alcohol. In this way,
purple-red colouration was obtained where carbonation had not
occurred; otherwise, concrete remained uncoloured. The developed
system allowed to frame an image of the test surface and to automati-
cally examine it, thus providing mean and maximum carbonation depth
values.

3.4. Exposure to salt-spray chamber

Salt-spray chamber test was carried out according to the UNI EN ISO
9227 standard. Concrete specimens were horizontally placed on suitable
supports inside a salt-spray chamber (35 + 2 °C, RH = 95-98%, NaCl =
5%), simulating a warm, humid, and chloride-rich environment. Elec-
trodes were plasticine-sealed to prevent corrosion; exposure lasted 21
days. The measurements included both electrical impedance and free
chloride concentration analysis and were carried out at O (i.e., start of
test, after 28 days of curing), 7, 14, and 21 days. The latter was measured
on 0-30 mm depth following the standard UNI 9944; powder samples
(approximately 15 g each) were collected after drilling the dedicated
specimens with the same compositions and the same exposure condi-
tions of specimens for electrical impedance measurements. The analysis
of free chloride content, expressed as wt% of the cement, was carried out
after having put the powder sample in 60 ml of distilled water, mixed for
24 h, filtered and diluted in 100 ml of distilled water.

3.5. Capillary water absorption

Capillary water absorption test was carried out by placing concrete
specimens horizontally in a closed container with distilled water (3.5 cm
depth). At each test time (i.e., O - start of test, after 35 days of curing -,
10, 20, 30, and 60 min, 4, 6, 24, 48, 72, 96, 168, and 192 h and then,
twice per week for a total duration of 35 days), concrete specimens were

weighed before being subjected to electrical impedance measurement.
The water absorbed per unit area (Q; [kg/mz]) was derived in compli-
ance to the standard EN 15801.

3.6. Water penetration (wet/dry cycles)

Concrete specimens were inserted inside a closed plastic box con-
taining water (9 cm depth, maintained constant by adding the absorbed
one). The specimens were horizontally placed on cylindrical supports to
ensure the absorption of water from the bottom surface and were
exposed to 4 weekly wet/dry cycles (2 days wet and 5 days dry). Elec-
trical measurements were carried out 2 times per each cycle, i.e.,
immediately after the extraction from water and just before the next
immersion, for a total of 4 cycles.

3.7. Chloride penetration (wet/dry cycles)

To simulate a chloride penetration in a cyclically wet and dry envi-
ronment, concrete specimens were inserted inside a closed plastic box
containing a 3.5% NaCl solution (9 cm depth, maintained constant by
adding the absorbed one). The test procedure was the same adopted in
water penetration test (wet/dry cycles), with the difference of 3.5%
NaCl solution instead of water. As for salt-spray chamber test, electrodes
for electrical impedance measurement were plasticine-sealed to prevent
possible corrosion. Free chloride concentration analysis was performed
in the same manner as for salt-spray chamber, on 0-30 mm depth, at the
same test times of electrical measurements.

4. Results and discussion

4.1. Effect of different types of biochar on mechanical and electrical
properties of mortars

Results in terms of compressive strength and electrical impedance of
mortars are reported in Fig. 6a and Fig. 6b, respectively. It is possible to
observe that the different types of fillers added at 0.5 vol% provide to
mortars a different behaviour both in terms of compressive strength and
electrical impedance. After 35 days of curing, GCH and RAV biochar do
not alter the mechanical strength and decrease the electrical impedance
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Fig. 6. a. compressive strength and b. electrical impedance of mortar specimens cast with different carbon-based fillers.

of mortars compared to mREF, whereas FC biochar slightly increases the
compressive strength of mortar but does not affect the electrical
impedance. Conversely, the other types of biochar (i.e., WSP, OSR, and
RH) have negative effects on compressive strength, even if they
contribute to decrease the mortars electrical impedance by approxi-
mately 50% at the end of the test. The increase of compressive strength
and the decrease of electrical impedance of the mortar manufactured
with GCH confirms that GCH is a good low-cost carbonaceous by-
product for manufacturing low-resistive composites [23]. On the con-
trary, the different effects obtained by the other types of biochar could
be related to the different raw materials used for their production and
the different pyrolysis temperature used for their manufacturing. For
example, Pariyar et al. [38] stated that paper sludge and poultry litter
biochar have a high ash content, whereas saw dust, rice husk, and food
waste biochar show a high fixed carbon value. Moreover, the higher the
pyrolysis temperature, the higher the aromaticity degree and the lower
the polarity, making biochar more suitable for carbon sequestration and
agricultural applications.

Given the obtained results, RAV biochar was chosen to be further
employed in concretes, because it provides to mortars the best
compromise between electrical and mechanical performances. In fact,
RAV lowers the electrical impedance by 49% without significantly
decreasing the compressive strength of mortar. These results are even
better than those provided by the previously adopted GCH, which de-
creases electrical impedance of approximately 30% and, as RAV, leaves
compressive strength almost unaltered (Fig. 6).

4.2. Curing period: mechanical strength and electrical impedance of
concretes

After the preliminary tests on mortars, RAV biochar was used in
combination to RCF to manufacture concretes. Results obtained during
the curing period are reported in Fig. 7 and Fig. 8. During the first 28
days of curing, both compressive strength (Fig. 7a) and electrical
impedance of concrete specimens (Fig. 8) increase, as expected. After 28

a. 7
60

50

T a0
2
=30
o
0 : . I I
0
0

REF EDC RCFEDC BCH EDC BCH+RCF EDC
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days of curing, the mix with fibres (RCF EDC) reaches a compressive
strength 17% lower than REF EDC (Fig. 7a). Perhaps, the great amount
of PC2 and PC3 admixtures increased the mixtures porosity. As a matter
of fact the total pore volume increases (Fig. 9a), the volume of macro-
pores (pores with d > 1 pm [39]) is much higher in this mix with respect
to the others (Fig. 9b) and the corresponding hardened density is slightly
lower (Table 3). In order to avoid the formation of air bubbles,
defoaming agents can be introduced into the concrete mix-design [40];
however, the addition of BCH in concrete seems to compensate for this
issue both in BCH EDC and RCF + BCH EDC specimens. Probably BCH,
being a filler, provides to concrete the so-called “filler effect” [41] and
the formation of more hydration products thanks to the “nucleation
effect” [42], which densifies the microstructure (Table 3) moving the
main porosity to smaller diameters (Fig. 9b).

In any case, the use of RCF does not lower the tensile strength of
concrete (Fig. 7b); in fact, the bridging effect of fibres increases the
material strength under tension and reduces the cracks propagation
within the matrix [2,20,43]. Moreover, the combined use of RCF and
BCH gives a synergistic effect on tensile splitting behaviour, which in-
creases of approximately 19% compared to REF EDC mix.

As electrical impedance (Fig. 8a) is concerned, after 28 days of curing
the addition of RCF contributes to decrease the Zge value of 15%. The
good electrical properties supplied by the addition of RCF to cement-
based matrixes have already been reported in the literature, also at
the low dosage of 0.05% volume content [20]. On the contrary, BCH
causes an increase of electrical impedance of approximately 19%, which
is in contrast with the results previously obtained in mortars specimens
(Section 4.1). Some hypotheses to explain these results are proposed
hereafter. The combined use of carbon-based additions does not improve
the performance obtained with RCF alone, since Zg. value decreases by
only 8% after 28 days of curing. During the first 28 days, moisture acts as
the main factor influencing the electrical impedance results, particularly
when RCF were added alone. Indeed, the effect of the combined use of
conductive additions in decreasing electrical impedance of concrete
becomes more evident after 28 days of curing (Fig. 8b). The enhanced
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Fig. 7. a. compressive strength measured during curing period and b. tensile strength measured at 28 days of curing.
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Table 3

Hardened density after 28 days of curing.
Mixture Density

[kg/m?]

REF EDC 2372
RCF EDC 2309
BCH EDC 2363
RCF + BCH EDC 2373

effect of conductive additions on electrical properties of concretes when
used in combination has already been found by authors in [23], where
RCF were added to concretes together with GCH. This confirms what
was reported by Wen and Chung: the combined use of conductive fibres
and fillers can enhance the electrical properties of the final material
[44]. Indeed, considering the results obtained on concrete specimens
dedicated to the curing monitoring (Fig. 8b), from 28 to 35 days it is
possible to observe a great increase of electrical impedance value of RCF
EDC, which becomes similar to that of REF EDC. Furthermore, BCH EDC
continues to show an increased Zg, value compared to the plain con-
crete. As reported by Belli et al. [45], when specimens are moist, water
plays the predominant role on the measured electrical impedance
values. Therefore, the contribution of conductive additions on the
electrical properties of concretes is more visible in dried specimens.
Moreover, the use of RCF and BCH together confirms to be the most
effective solution since the electrical impedance decreases of about 13%
with respect to REF EDC thanks to a combined effect.

Summarising, it is possible to state that the combined use of RCF and
BCH provides an enhanced effect on both electrical and mechanical
properties of concrete, compared to concretes manufactured with only
one carbon-based addition. Moreover, it is worthy to underline that BCH
does not show the same performance in concrete and mortar; this could
be attributed to multiple reasons:

e Different cement type: CEM II A-LL 42.5R (used for mortars cast)
seems to be more conductive than CEM II/C-M (S-LL) (used for
concretes cast). As reported by Azarsa and Gupta [46], the addition

of supplementary cementitious materials such as blast furnace slag
(which is present in CEM II/C-M (S-LL)) and fly ash decreases the
permeability, thus reduces pores solution, leading to a higher elec-
trical resistivity as a consequence of the reduced capillary porosity
and hydroxyl ions (OH");
Different w/c ratios: 0.50 in mortars and 0.42 in concretes, which
determine a higher porosity in mortars influencing the effect of BCH
in the two materials;
Different curing conditions: mortars are kept at RH = 95 + 5% for 7
days, whereas concretes for 28 days. Consequently, in mortars the
effect of BCH is visible already after 7 days, whereas in concretes it
appears only after the wet curing and when BCH is coupled with RCF;
e Concretes are cast with bigger aggregates and a higher aggregate to
cement ratio; these factors probably make the BCH distribution less
homogeneous in the concrete volume, and thus less efficient. This is
confirmed also by Chiarello et al. and Baeza et al., who stated that
aggregates cause an increase of concrete electrical resistivity.
Therefore, a higher conductive additions quantity is needed to reach
the expected self-sensing ability with respect to mortars [47,48].

4.3. Exposure tests

After 28 days of curing, specimens were exposed to different accel-
erated durability tests. Results obtained are reported hereafter.

4.3.1. Accelerated carbonation

The carbonation of specimens increases in time (Fig. 10a), as ex-
pected. The REF EDC concrete specimen is the one less subjected to
carbonation, whereas all the other specimens manufactured with
conductive additions increase the susceptibility to the COy-rich envi-
ronment. In general, carbonation increases when RCF and BCH are
added both alone and together. For the RCF EDC specimen, this is
related to its higher porosity (Fig. 9a), which facilitates the ingress of
COs. On the contrary, the higher carbonation of BCH EDC and RCF +
BCH EDC is related both to their high total porosity (Fig. 9a) and to the
physical properties of biochar. The pyrolysis process provides BCH
particles with a high specific surface area and a porous structure,
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Fig. 10. Results of accelerated carbonation test: a. carbonation depth and b.
electrical impedance over test time.

conferring very good adsorption properties [42]. In fact, in construction
materials biochar is used also as CO5 catcher [49,50].

While carbonation occurs, the electrical impedance of concretes
should increase (Fig. 10b) since carbonation decreases the ion concen-
tration of the pore solution [51] owing to the transformation of Ca(OH),
in CaCOgs that precipitates inside. In general, the trend showed by
specimens is the same for each composition: during the first week of
exposure, the curve is slightly more leaning, whereas for long periods of
time it changes its slope. This happens because during the first 7 days the
materials are subjected to a change in the environmental conditions they
are exposed to, moving from RH > 95% of wet curing to an unsaturated
environment (RH = 60 + 10% in the carbonation chamber). The inter-
nal moisture is thus free to evaporate, faster at the beginning of the test.

Comparing electrical impedance values measured during accelerated
carbonation test and curing (Fig. 11a), similar trends in terms of curve
slopes can be observed. This means that the specimens similarly lose
water due to evaporation and cement hydration. Again, the electrical
impedance variation seems to be more sensitive to water content and the
hydration degree of cement paste than to carbonation depth. The cor-
relation between electrical impedance and carbonation depth is re-
ported in Fig. 11b. The progress of carbonation can be detected as an
increase of electrical impedance. Moreover, as already found in a pre-
vious experimentation [23], for longer exposure times the trends of the
Zge values change their slope, since both carbonation and curing sum up
their effects on electrical impedance values resulting in an increase of
Zre-

4.3.2. Salt-spray chamber

The free chloride content on cement weight measured during the
exposure in the salt-spray chamber is reported in Fig. 12a. As expected,
the free chloride concentration increases with exposure time. The
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Fig. 11. a. comparison between electrical impedance measured during accel-
erated carbonation test and during curing and b. correlation between electrical
impedance and carbonation depth.

highest chloride amount is recorded in RCF EDC specimen, followed by
REF EDC, BCH EDC, and RCF + BCH EDC specimens. The specimen
manufactured with RCF has a higher porosity than REF EDC (Fig. 9a),
which enables chloride ions to penetrate easier within the matrix. When
RCF and BCH are both added to concrete, chloride penetration is
reduced owing to the finer concrete microstructure (Fig. 9b).

Electrical impedance progressively decreases with chloride pene-
tration (Fig. 12b), as reported in literature [52], because chloride ions
contribute to increase the ionic conductivity of concrete. The most
evident decrease of electrical impedance takes place between 0 and 7
days, since the specimens move from dry to wet conditions and it is
equal to 74%, 78%, 72%, and 80% for REF EDC, RCF EDC, BCH EDC,
and RCF + BCH EDC, respectively. After 7 days, although chloride
content increases over time, electrical impedance remains almost con-
stant. This means that electrical impedance values are more affected by
water than by chlorides content. From 14 to 21 days, electrical imped-
ance moves towards higher values; at the same time free chloride con-
centration stabilizes. Therefore, the chloride solution does not affect the
impedance measurement anymore, but only the internal microstructural
changes of concrete (reduction of porosity, determined by the progres-
sive hydration related to curing).

Comparing the results of Zg, measured both during curing and
exposure in the salt-spray chamber (Fig. 13a), electrical impedance
values follow the same increasing trend between 14 and 21 days. This is
associated with the continuous curing of specimens, giving a more and
more dense microstructure, which determines the increase of Zg, values
in the two conditions. The correlation between electrical impedance and
chloride content (Fig. 13b) shows that, when chloride-rich solution
penetrates, electrical impedance decreases, but the changes in values are
related to the changes of environmental conditions (dry and wet).
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Moreover, the initial penetration can be detected similarly in all the
compositions. Even if chlorides continue penetrating during the expo-
sure, after one week of exposure the electrical impedance values stabi-
lize, because they are more affected by the water content than by the
chlorides content. After an additional week (last point of each curve),
the curing effect on the measured electrical impedance prevails and the
electrical impedance values begin to increase, since chlorides content
stabilizes. Especially when RCF and BCH are added together, chloride
penetration is reduced; this is due to the “barrier effect” of carbon-based
additions, which absorb the solution and slow down its penetration into
concrete deeper layers by retaining it [53].

4.3.3. Capillary water absorption

As reported in literature [54], electrical impedance progressively
decreases when water is absorbed, since an increased moisture content
improves the ion mobility [46]. Both RCF and BCH increase water ab-
sorption of concretes, especially when used alone. This negative impact
was already found by the present authors [23] and could be attributable
to different causes: the relative high quantity of biochar [53] and also
the higher total porosity (Fig. 9a), besides bigger pores, which increase
the water absorption of the composite material. Moreover, carbon-based
materials are reported to have a good water absorption capacity making
them more prone to the water capillary suction [20,42,55]. On the other
hand, the combined use of BCH and RCF reduces the concrete water
absorption, achieving values similar to REF EDC. This can be attributed
to the microstructural refinement of the paste (Fig. 9), which shortens/
segments the porosity continuous paths, hindering the ingress of water
through capillary action. Concrete specimens continue to absorb water
for the whole test duration (35 days, i.e., 840 h), without reaching
saturation; indeed, the Q; values continue to increase without stabilizing
(Fig. 14a). Most of the absorption occurs within the first 72 h; during this
period electrical impedance is sensitive to water penetration, in fact Zge
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decreases, (Fig. 14b). After 72 h, electrical impedance inverts its trend,
probably due to a decrease of the outdoor temperature (AT ~ 5 °C) but
also to the curing process (Fig. 15a): Zg, increases in time because of the
continue hydration of cement and the evaporation of internal water
[56]. After 3 days, electrical impedance seems more sensitive to curing
than to further capillary water absorption probably because specimens
are wet and kept at RH > 95% in closed containers. In any case, during
the first days (when capillary water absorption begins) the significative
decrease of Zg. values suggests the ingress of water inside the specimens.

The correlation between electrical impedance and water absorbed
per unit area (up to 72 h of test, thus when water penetration is the
predominant effect) is reported in Fig. 15b. It is possible to observe that
electrical impedance slightly decreases while water penetrates, because
concrete specimens move from dry to wet conditions. At low amounts of
absorbed water (0 < Q; < 0.15 kg/mz) (short contact time), conductive
material additions seem to help the sensing to water absorption. In fact,
the slope of the curve is more leaning compared to that of REF EDC,
probably because of the faster water absorption. Instead, at higher
amounts of absorbed water (Q; > 0.15 kg/mz) (long contact time), the
slope of REF EDC curve becomes the most leaning. Indeed, electrical
impedance further decreases, probably because the sensing volume
contains more water than the other specimens containing conductive
additions. This fact, already found by the present authors [23], could be
explained again with the water retention capability of the conductive
additions [10], which reduces the penetration depth of water giving a
sort of “barrier effect” [23,53].

4.3.4. Water penetration (wet/dry cycles)
In this testing campaign, REF EDC and RCF EDC specimens show
similar water absorption coefficients, whereas absorption is increased in
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both the specimens containing BCH (i.e., BCH EDC and RCF + BCH EDC,
Fig. 16a, where Q; values are reported only for wet concretes). This is
due to the high water absorption capacity of biochar [10]. Electrical
impedance measurements can detect and follow very well the wet/dry
conditions of concrete, (Fig. 16b). As expected [54], just after the first
immersion (2 days after time 0) the electrical impedance decreases.
Again, this result is related to the water absorption mechanism. More-
over, for all compositions when specimens are wet (i.e., after 2, 9, 16,
and 23 days) the value of Zg, is lower than when specimens are dry (i.e.,
after 7, 14, 21, and 28 days), as it is visible in Fig. 16b. However, after 7
days of exposure (i.e., the first wet/dry cycle) the electrical impedance
trend increases for all the compositions (Fig. 16b, dashed curves) both in
wet and in dry conditions. Also in this case, the result is related to the
effect of curing/hydration of concrete, which increases the compactness
of the matrix by reducing the porosity of the material in time.

The correlation between electrical impedance of specimens in wet
condition and water absorption is reported in Fig. 17. It is clearly visible
that at the beginning of the test, namely 2 days after immersion, while
water penetrates electrical impedance decreases, in fact specimens move
from dry to wet conditions. After the first wet/dry cycle, the electrical
impedance trend increases, even if the water absorption slightly in-
creases (Fig. 16a). This result suggests that the curing effect prevails on
water absorption effect.

4.3.5. Chloride penetration (wet/dry cycles)

After wet/dry cycle in the 3.5% NaCl solution, all concrete specimens
contain a similar free chloride amount (Fig. 18a), which ranges from
0.26% to 0.29% by cement weight. These concentrations are lower than
those measured after the salt-spray chamber test (Fig. 12a), which range
from 0.38% to 0.60% by cement weight. This is related to the short
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period of time that specimens are in contact with the solution. As noticed
in water penetration during wet/dry cycles test (Fig. 16b), electrical
impedance values follow very well the wet/dry conditions of concrete
specimens (Fig. 18b), with lowest values during wet periods. In presence
of chlorides, the amplitude of the oscillations in the electrical impedance
values are higher than in simple water. In fact, when specimens are
exposed to water the difference of Zg, values between wet and dry pe-
riods attains around 23%, whereas when they are exposed to the
chloride-rich solution the difference of Zg. values between wet and dry
periods reaches 40-45%. This result is related to the fact that chlorides
contribute to decrease electrical impedance and this effect sums up to
the water ingress. However, for all the compositions, an increasing
electrical impedance trend for both wet and dry periods can be observed
as for wet/dry cycles in water. This means that curing affects electrical
impedance values more than chloride solution penetration, since the
electrical impedance increases even if chlorides content increases.

The correlation between electrical impedance of specimens in dry
condition and free chloride concentration is reported in Fig. 19. It can be
noticed that dry conditions highlight the effect of chloride penetration,
which otherwise could be masked by water. While chloride-rich solution
penetrates, electrical impedance decreases and follows the wet/dry cy-
cles trend, as observable in Fig. 18b. However, in this testing campaign
the chloride penetration is very limited and after few cycles electrical
impedance trend is increasing. This happens probably for two reasons:
curing becomes the prevailing effect and the chloride-rich solution does
not reach the sensing volume interested by the Wenner’s method-based
configuration.
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5. Conclusions

Recycled carbon fibres (RCF) and biochar (BCH) have been used both
alone and coupled together to manufacture low-resistive cement-based
mixes and the relative performances have been evaluated in terms of
compressive and tensile strengths, durability, and material electrical
impedance during curing (28 days) and accelerated degradation tests.

From the obtained results it is possible to state that:

e The chosen biochar provides to mortars a decreased electrical
impedance (approximately 45% with respect to reference mix
design) without affecting the compressive strength;
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e Moisture content has a predominant effect in the measured electrical
impedance of concretes; the effect of carbon-based additions be-
comes more visible after the first 28 days of curing (the electrical
impedance decrease is of approximately 13% at 35 days when RCF
and BCH are used in combination);

Compressive strength values are comparable among the different
concrete compositions, with the only exception of RCF (decrease of
approximately 17%, due to the higher total porosity and the bigger
pore size);

The combined use of RCF and BCH enhances (approximately 24%)
the tensile strength of concretes.
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Concerning durability, it can be summarised that:

Conductive additions seem to increase water absorption, probably
because RCF increases the porosity of the specimens, whereas BCH
has a porous structure favouring water retention; on the other hand,
they seem to decrease the water penetration depth, with a sort of
“barrier effect”;

Biochar decreases chloride penetration in salt-spray chamber test
thanks to its filler effect;

Conductive additions seem to slightly accelerate carbonation
because RCF increases the porosity of the specimens and BCH is a
CO,, catcher.

The findings suggest that both RCF and BCH are suitable materials to
enhance concrete electrical properties, especially when used in combi-
nation. The increase of material electrical conductivity is very important
for self-sensing applications, allowing to perform the measurements
with low-cost instrumentation, given the better Signal-to-Noise Ratio
(SNR). This is particularly important to develop a long-term monitoring
system based on electrical impedance measurement in a distributed
sensors network configuration, in order to regularly collect data directly
linked to the concrete health status. This allows to foresee any possible
issue related to durability and integrity of the structure itself, hence
acting in a timely and effective way, optimizing the lifecycle of the
structure itself. Moreover, the configuration adopted for electrical
impedance measurements (i.e., Wenner’s method, 10 kHz measurement
frequency) confirms to be suitable for concrete monitoring purposes.
The contaminants penetration does not spoil electrical impedance
measurement, since the results agree with what expected: electrical
impedance decreases with water and chloride penetration by aerosols,
whereas it increases with carbonation and follows very well the wet/dry
cycles in water and chloride-rich solutions. However, it is worthy to
stress that the ingress of contaminants is reflected in electrical imped-
ance changes only if the substances reach the sensing volume, otherwise
the results will be affected only by curing and environmental conditions
(temperature and humidity). Furthermore, if different factors act
simultaneously, the contribution of each factor in the modification of
electrical impedance cannot be distinguishable in the measurement.
Therefore, the occurrence of a potential hazardous event in a real
application can be inferred from a change in the electrical impedance
trend but the specific cause of such modification should be investigated
through deeper analyses (e.g., inspection procedures).
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