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Abstract: In recent years, there has been a concerning surge in CO, emissions, with the construction
and materials production sectors standing out as significant contributors to greenhouse gas pollution.
To tackle this pressing environmental challenge, architectural design and civil engineering are actively
pursuing strategies to mitigate their carbon footprint. These initiatives include adopting eco-friendly
construction materials with reduced toxicity, rigorous energy management practices across the entire
life cycle of structures, and incorporating innovative materials like biochar. Biochar is a carbon-rich
byproduct generated through controlled thermochemical processes, such as pyrolysis or gasification,
that stands out for its remarkable capacity to extract energy from processed biomass while delivering
substantial environmental advantages. This study examines the use of biochar as a filler in cement-
paste and mortar, as well as its influence on mechanical properties. In the case of cementitious pastes,
results show that small amounts of biochar (1-2-5% by weight of cement) can improve the compressive
and flexural strength, as well as fracture energy, thus generating a more tortuous crack path that
increases the final surface area. In mortar specimens, the biochar influence does not show similar
patterns or characteristics as the cement-paste in flexural and compressive strengths; nevertheless,
biochar particles improve the toughness.

Keywords: cement-paste; mortar; waste valorization; mechanical properties; biochar

1. Introduction

As the United Nations (UN) recently reported, the world’s population has reached
8 billion inhabitants, and will continue to grow to around 10.4 billion by the 2080s [1]. The
main repercussion of demographic growth is an increment in waste production, as well as
CO; emissions [2]. For instance, annual global CO, emissions have reached nearly 32 billion
tons, which is over 50% more than the emissions from three decades ago, contributing
to climate change and ecological damage [3]. The Global Alliance for Buildings and
Construction estimates that the construction industry is responsible for about two-fifths
of all energy-related CO, emissions [4]. Furthermore, over one-third of CO, emissions
from construction operations, and nearly 8% of all anthropogenic CO; emissions, have
been caused by cement manufacture, the most widespread building material globally [5].
Therefore, much work will be needed to develop and promote carbon-negative building
materials through cutting-edge design, as well as unprecedented measures, if global carbon
neutrality targets are to be met.

A critical environmental challenge is the failure to recycle nearly half of the waste
produced by the United States, Germany, the United Kingdom, and Australia. This is
equivalent to over 82 million tons annually [6].
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Nearly one-third of the foods produced for human intake (1.3 billion tons per year), are
wasted [7]. Approximately 50 million cubic meters of wood waste are generated each year
in the European Union [8]. Finally, a significant fraction of the post-consumer textile waste
is not recycled, but instead is either disposed of in landfills, or thermochemically treated
for energy production [9]. The European Union (EU) recently introduced legislation to
promote the recycling and reusing of materials to address the waste problem. The industrial
sector, particularly the wood sector, is intervening in waste reduction by managing wood
waste, and avoiding the environmental threat caused by its constant accumulation [10,11].
Consequently, wood waste can be transformed into valuable products to encourage a more
sustainable and unpolluted environment by recovering energy through using thermochem-
ical processes like gasification or pyrolysis [12]. These processes transform biomass into
liquid biofuel or syngas, and produce biochar, a secondary product that has drawn interest
because it can store carbon and enhance soil quality [13-15]. Similarly, the building sector
has begun to contemplate its application.

Biochar is an enriched carbon biomaterial developed via slow pyrolysis; it consists of
biomass combustion in a low-oxygen environment [16,17]. The biomass required to pro-
duce biochar can come from agricultural or municipal waste decomposition, and molecular
cracking at temperatures between 300 and 1000 °C [14]. Furthermore, biochar can store
more than three-fifths of its original carbon mass, depending on the preparation inputs
employed. Each metric ton of dry feedstock can cut 530-570 kg of carbon dioxide from
net greenhouse gas emissions [18]. Thus, cement-based building materials can become
more sustainable through adding charcoal filler to the mix, resulting in a considerable envi-
ronmental improvement for the construction industry. The main criteria for considering
biochar suitable for construction are its low thermal conductivity, reduced flammability,
and high chemical stability [19]. Moreover, the pyrolysis process defines the pore distri-
bution in biochar, which lowers the thermal conductivity, and contributes to reducing
energy consumption in buildings [20]. Regarding flammability, Zhao et al. propound that
slow pyrolysis procedures generate non-flammable biochar, while fast pyrolysis biochar
has a higher presence of combustible compounds [21]. Likewise, Restuccia and Ferro
demonstrated that pyrolyzed coffee powder and hazelnut shells biochar present different
results depending on their characteristics; therefore, it is crucial to understand the outcomes
produced by various raw materials and manufacturing processes [22].

Some studies indicate that adding biochar to cement-based materials can improve
their mechanical properties [22-24]. Reviewing the application of biochar in cement-paste
illustrates some promising results. For example, Suarez-Riera et al. [25] observed that
adding 1% and 2% of biochar composites improved the flexural strength of cement-paste
by up to 24% and 15%, respectively. Restuccia and Ferro [26] evaluated the use of food
waste, particularly hazelnut shell biochar, as a cement-paste micro-aggregate. The results
demonstrated that a 0.8-1% biochar addition substantially improved compressive and
flexural strength, fracture toughness, and ductility. Specifically, the fracture energy showed
an increment of up to 130%, and the modulus of rupture a 22.2%. In addition, these
authors demonstrated that pyrolyzed coffee powder biochar improved compressive and
flexural strength, as well as fracture energy, which is contrary to the standard behavior
of cement-paste in which an increase in strength makes the material more brittle [19].The
use of these materials, however, involves an increase in the costs of production of the final
cementitious material, as they have high production costs. In using biochar, on the other
hand, production costs are reduced since biochar derives from waste materials [27].

On the other hand, replacing a percentage of cement in mortars with biochar demon-
strates performant outcomes. Choi et al. [28] proved that by substituting up to 5% of
cement with wood waste biochar, the compressive strength of mortar rose by 10-12%. The
internal curing properties benefited from the water released from the biochar pores, causing
compressive strength to rise. These benefits in hydration occur in both wet and dry exterior
curing conditions. Suarez-Riera et al. demonstrated that using 2% of biochar as a filler in
mortar specimens resulted in improvements to fracture energy of approximately 40% com-
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pared to the reference mix [27]. Gupta et al. [23,29,30] claim that the free water-cement ratio
can be controlled by incorporating 1-2% biochar and, therefore, the mechanical strength,
flexibility, and durability of cement mortar and concrete can increase by up to 20% and
50%, respectively.

The available research proves that biochar successfully improves the performance of
cementitious materials, specifically cement-paste and mortars. Regardless of the many
benefits associated with including biochar in cement-based mixes, an optimal mix design is
yet to be identified since varied outcomes have been observed from different manufacturing
processes and raw materials of the biochar utilized. In addition, the effect of adding biochar
differs depending on the properties of the biochar itself, and on the type of cementitious
system to which it is added. Due to its porosity and chemical structure, biochar tends to
reduce the workability of the mixture, a problem that is still present and poorly studied in
the literature [31-33]. To highlight these two different influences, this investigation focuses
on characterizing two biochar types derived from gasification and pyrolysis treatment
waste, and examines their impact on the mechanical performance of cement-paste and
mortar samples when 1%, 2%, and 5% (by weight of cement) of biochar is added as filler.
The novelty of this study lies in the desire to study the behavior of the same biochar
when added to pure cement-pastes, and when added to mortars obtained using the same
type of cement. The analysis of the mechanical properties constitutes a flexural strength
and fracture energy evaluation together with a compressive strength test, alongside the
biochar’s characterization results from a water absorption analysis. This is followed by
the particle size distribution assessment, a Brunauer-Emmett-Teller (BET) analysis, a Field
emission scanning electron microscopy (FE-SEM) image study, and a thermogravimetric
analysis (TGA).

2. Materials and Methods
2.1. Materials

Portland cement (c) type I 52.5R (Buzzi Unicem S.r.l., Casale Monferrato, Italy), Mas-
terEase superplasticizer (SP) (Master Builders Solutions Italia S.p.A., Treviso, Italy), and tap
water (w) have been used to produce cement-paste; in the case of mortars, CEN Standard
sand (Societé Nouvelle Du Littoral and according to UNI EN 196-1:2006 [34]) was also
added. Furthermore, two different biochar were employed: Borgotaro (BB) and Nera
Biochar (NB) provided by VIS Energy S.p.A. (Fontanelle, Italy) and Nera Biochar S.r.l
(Montestrutto, Italy), respectively (Figure 1).

Figure 1. Appearance of Nera Biochar (a) and Bogotaro Biochar (b).
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2.2. Biochar Characterization

The production of BB involved the gasification of wood chips at a temperature of
approximately 700 °C. On the other hand, NB is a commercial product obtained from wood
waste and manufactured in Turin, Italy. NB was initially designed for agricultural use,
resulting in particle sizes ranging from 0.5 to 5 mm. In order to optimize its effectiveness
as a filler in cement mixes, previous studies have suggested that reducing the average
particle size of the biochar may be beneficial because in increasing the surface area of the
biochar particles, greater interaction between the particle and the cement matrix will be
obtained [24,29,35]. As a result, the NB was ground for 7 h using a ball milling machine.

Finally, both biochar powders underwent a water absorption test; additionally, laser
granulometry was used to analyze the particle size using a Malvern Masterease 3000
Aeros S machine. The morphology of samples was observed through a HITACHI FESEM
at 10 kV, and increased by more than 5 K. To determine the specific surface area and
pore volume of Borgotaro and Nera biochar, the Brunauer-Emmett-Teller (BET) analysis
method was used with a TriStar II Krypton 3020 V1.03 through N, physisorption analysis
at a temperature of —77 K. Before analysis, the samples were degassed at 200 °C for
2 h to remove moisture/water adsorption and pollutants from the atmosphere. Lastly,
the thermogravimetric analysis (TGA) was performed to understand whether a thermal
treatment may deteriorate the material. A Mettler Toledo model 1600 was used for the
TGA. The analysis was carried out through heating the sample (about 35 mg) at a rate of
10 °C/min up to 1000 °C in a flowing air atmosphere at a rate of 50 mL/min.

2.3. Samples Preparation

Four types of cement-paste and mortar samples were prepared, the reference samples
and three batches with the addition of the different percentages of biochar by weight of
cement, 1%, 2%, and 5%, used as filler. These percentages were chosen based on previous
articles by some of the authors [22,25,36]. The biochar was added by first dispersing it in
the water needed for cement-paste and mortar.

To prepare the cement-paste (C), the cement powder was slowly added to a water-
superplasticizer-biochar solution, and stirred for five minutes. The cement paste, prepared
at a water-to-cement (w/c) ratio of 0.35, and containing 1% by weight of cement of SP, was
then poured into prismatic molds of size 20 x 20 x 80 mm. However, it is essential to
highlight that the 5%-BBC study case was impossible to cast due to workability problems.
On the other hand, all mortar mixtures (M) were prepared with a water-to-cement ratio of
0.50, a cement-to-aggregate ratio of 1:3, and mixed according to UNI EN 196-1:2006 [34].
Following the standard, a mixture of water and cement was stirred for 30 s to start the
process. The sand was then gradually added within the first 30 s of mixing. After that,
all the ingredients were mixed vigorously for the next 30 s. The mixer was then stopped
for 90 s, during which time any remaining material on the bowl walls was cleared away
in the first 30 s, and the mixture was allowed to rest for the remainder of the time. After
the break, the mixer was started again at high speed for another 60 s. Once the mixing
phase was complete, the mix was slowly poured into a steel mold consisting of three
40 x 40 x 160 mm prismatic specimens, taking care not to introduce air bubbles. All the
materials were weighted according to the mix design in Table 1.

The cement-paste and mortar specimens were then placed in a humid environment
at room temperature (24 &+ 1 °C) with a relative humidity of at least 90% for 24 h. After
demolding, the specimens were submerged in a water tank at 20 £ 1 °C, and allowed to
mature for mechanical testing after 28 days.



Buildings 2023, 13, 2900 5o0f 14

Table 1. Mix design of cement-paste and mortar specimens.

. o Cement Water SP Sand Biochar
Mix ID Description Ig] [] [%] * [e] Ig]
0% C Plain Cement-paste 460 161 1 - 0
1%-BBC Cement-paste with 1% of Borgotaro biochar as filler 460 161 1 - 4.6
1%-NBC Cement-paste with 1% of Nera biochar as filler 460 161 1 - 4.6
2%-BBC Cement-paste with 2% of Borgotaro biochar as filler 460 161 1 - 9.2
2%-NBC Cement-paste with 2% of Nera biochar as filler 460 161 1 - 9.2
5%-BBC Cement-paste with 5% of Borgotaro biochar as filler 460 161 1 - 23
5%-NBC Cement-paste with 5% of Nera biochar as filler 460 161 1 - 23
0% M Plain Mortar 450 225 - 1350 0
1%-BBM Mortar with 1% of Borgotaro biochar as filler 450 225 - 1350 4.5
1%-NBM Mortar with 1% of Nera biochar as filler 450 225 - 1350 4.5
2%-BBM Mortar with 2% of Borgotaro biochar as filler 450 225 - 1350 9.18
2%-NBM Mortar with 2% of Nera biochar as filler 450 225 - 1350 9.18
5%-BBM Mortar with 5% of Borgotaro biochar as filler 450 225 - 1350 22.5
5%-NBM Mortar with 5% of Nera biochar as filler 450 225 - 1350 22.5

* by weight of cement.

2.4. Mechanical Tests

To evaluate the influence of biochar powder used as filler in cement-paste and mortar
samples, a three-point bending test (TPB) in crack mouth open displacement (CMOD)
(Figure 2) and a compressive test (Figure 3) were performed to evaluate the flexural
strength, fracture energy, and compressive strength. Before performing the TBP test, a
u-notch of 6 mm and 12 mm depth for cement-paste and mortar samples, respectively, and
2 mm width was made in each sample using a Miter saw BRILLANT 220. The notch was
made in the middle of the orthogonal face to the specimens’ pouring surface. Each result of
compressive and flexural strength averaged at least four measurements.

Figure 2. Three-point bending test in crack mouth open displacement.
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Figure 3. Compressive test.

Flexural analysis was performed following the Japan Concrete Institute Standard JCI-
S-001 [37], with a single-column Zwick-Line Z050 with a cell load of 1 kN for cement-paste
samples, and 50 kN for mortar samples, with a pre-load of 5 N, a span of 70 mm and 12 mm
for cement-paste and mortar specimen, respectively, and a test speed of 0.005 mm /min.
The flexural strength was calculated through:

3L
Uf = Fmax'W [MPa] (1)

where F,;x is the force on the prism at the failure time, L is the span, b is the specimen
depth, and & is the net ligament height.

In quasi-brittle materials, the Japan Concrete Institute Standard JCI-5-001 [37] describes
the process of finding the TPB test’s fracture energy, measuring the amount of energy
absorbed until the samples break into two prisms. After the TPB test, the following
calculation was performed:

_0.75Wp + Wy

Gr
Alig

= Gro + Greorr [N/mmZ] ()

where A lig 18 the area of the nominal ligament, Wy [N-mm] is the area below the CMOD
curve up to the rupture of the specimen, and W; [N-mm)] is the work done by deadweight
of specimen and loading, evaluated as:

W; = 0.75 (%ml + 2m2) ¢-CMOD, [N-mm| 3)

where [ is the loading span, L is the total length of the specimen, 1y [kg] is the mass of the
notched specimen, m; [kg] is the mass composed via the arrangement for the evaluation
of the displacement placed on the beam until it breaks, without being attached to the
testing machine, g is the gravity acceleration, and CMODxc is the crack mouth opening
displacement at the rupture.
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The two halves obtained through TPB were used to evaluate the compressive strength.
Compressive tests were performed following the UNI EN 196-1:2005 [36], using the same
machine with a load cell of 50 kN, a pre-load of 30 N, and a test speed of 600 N /s for cement-
paste samples. Regarding the mortar’s compressive test, a single-column Zwick-Baldwin
testing machine with a load cell of 500 kN, and a test rate velocity equal to 2400 N /s was
employed. The compressive strength was evaluated as follows:

F

Oc,max = ZZX [MPa] 4)

where F;x is the maximum force supported by the specimen before rupture, and b and h
are the specimen thickness to 40 mm by side.

3. Results
3.1. Biochar Characterization
3.1.1. Water Absorption

According to Gupta et al. [29], water retention by biochar makes it a potential material
in cementitious matrix thanks to their morphology and surface pores; furthermore, Gray
et al. [38] reported that micro-pores and pyrogenic nano-pores provide a site for the
adsorption of aqueous solutions.

The water retention capacity of the biochar was determined using the method used by
Gupta et al. [29]. Firstly, 30 g of biochar was dried in a continuous airflow oven at 70.3 °C
for 24 h to eliminate any moisture present in the powder. Next, three containers were
prepared, each containing 10 g of biochar, and 100 g of previously weighed deionized water.
The containers were sealed and left to stand for 48 h. Afterward, each solution was filtered
using a cellulose filter under vacuum until there was no free water flow. The weight of the
soaked biochar was then subtracted from the weight of the dry biochar, and the mass of
water absorbed in the biochar was calculated. The water retention capacity was expressed
as the mass of absorbed water per gram of dry biochar, and was calculated to be 2.17 g and
0.97 g of water per gram of dry biochar for BB and NB, respectively. The results show that
NB has a significantly lower water retention capacity than BB.

3.1.2. Particle Size Distribution

The particle size distribution for BB, NB, and cement powder are shown in Figure 4.
The distribution shows that approximately 80% of the Biochar particles are below 20 um,
and the average particle size (D x 50) for BB and NB is 8.2 pm and 7.9 pum, respectively. In
addition, approximately 10% of the biochar particles have a size below 1.5 um in both cases.

3.1.3. Brunauer-Emmett-Teller Analysis (BET)

The results for BB showed a specific area of almost 30 m? /g and a pore size of 3.3 nm.
On the other hand, the analysis for NB showed a specific area of 25.3 m? /g and an average
pore size of 1.2 nm, as calculated through the BET [39]. These conditions facilitate the
access to the adsorption of water [38]. There is a correlation between pore size and water
absorption since BB has shown a two times higher water adsorption than NB. A summary
of the biochar characterization is shown in Table 2.

Table 2. Biochar characterization.

. Watet: Particle Size (D x 50) Surface Area Average Pore
Biochar Absorption [um] [m2/] Size
[g/gdbc] * H & [nm]
Borgotaro 2.17 8.2 30 3.27
Nera 0.97 79 25.27 1.22

* g/gdbc = gram of water per gram of dry biochar.



Buildings 2023, 13, 2900

8 of 14

100 H
90 -
804 | ——NB
{ |=se=BB
09 | —+——Cem525R

Cum. Freq. (%)
3
1

0.01 0.1 1 10 100
Particle size (um)

Figure 4. Particle size distribution of Borgatoro, Nera biochar and cement powder.

3.1.4. FESEM

FESEM images of the two different biochar used in this research are shown in Figure 5.
It can be observed that the biochar maintains part of the biomass fibrous structure, and is
clearly seen to be porous in all the images. The porous structure of biochar derives from
the porous structure existing in raw biomass, but can also be due to the production process.
The surface of Borgotaro biochar showed a high porosity (Figure 5c), in accordance with
what has already been shown in the previously reported characterization tests.

Figure 5. FESEM images of Borgotaro biochar (a—c) and Nera biochar (d—f) from wood waste.
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3.1.5. Thermogravimetric Analysis (TGA)

TGA curves are shown in Figure 6. The results reveal two main thermal phenomena;
first, a weight loss (more than 5%) from 50 to 150 °C due to the desorption of water
adsorbed in the biochar pores for both BB and NB samples, which is in accordance with
Zhou et al. [40], followed by a significant weight loss that starts above 270 °C and continues
until ca. 400 °C and 490 °C for BB and NB specimens, respectively, which is attributable
to the decomposition of the carbonaceous residue from the production process, leaving a
final residue at 1000 °C of ca. 5 wt% in both cases that can be attributed to the presence of
inorganic compounds or metals. The BB has a slight lower thermal stability compared to
NB. However, BB and NB are rather thermally stable due to the limited percent weight loss
at the temperature <250 °C; a similar trend was reported by Kaikiti et al. [41].

110 -
100 -
90 ~
80 -
70 A
60 -
50 4
40 A
30 4
20 4
10 1 \

0

Weight (%)

0 200 400 600 800 1000
Temperature (°C)

Borgotaro biochar ~—— Nera biochar

Figure 6. Thermogravimetric analysis (TGA) of Borgotaro and Nera biochar.

3.2. Mechanical Test Results

The flexural strength, fracture energy, and compressive strength results of cement-
paste and mortar specimens are shown in Figure 7. The study case 5%-BBC’s results are
not displayed since the batch was impossible to cast; this condition can be caused due to
the high water-absorption rate of the BB, which is more than two times higher than the NB,
significantly affecting the workability of the mix.

Figure 7a,b represent, respectively, the results in terms of flexural strength (¢y) and
fracture energy (Gy) of the cement-paste and mortar specimens with biochar used as a filler
at 28-days. On the one hand, the cement-paste sample results show how using 1% of BB
and NB improved by almost 30% compared to pure cement, regardless of the biochar used.
Furthermore, it is possible to observe a similar trend in the 2% BBC and NBC cases, which
presented an improvement of approximately 20% compared to the reference (0% C). The 5%
biochar analysis, only possible for NB, shows a slight decay in flexural strength compared
with the lower substitutions; however, it is still moderately above the reference mix. On
the other hand, for mortar specimens, the lowest biochar percentual substitution, namely
1%, provides an improvement of about 10% for both biochar used. These results contrast
the finding reported by Tan et al. [42], in which adding 5% of pyrolyzed biochar at 500 °C
caused a drop in flexural strength by around 20% at 28-days.
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Figure 7. Flexural strength (a), Fracture energy (b) and Compressive strength (c) average value for
each batch at 28 days.

Moving to fracture energy, results revealed an advantageous effect of biochar addition
for both Borgotaro and Nera microparticles when used in cement-paste. Using 1, 2 and
5 wt% as filler of biochar led to an increase of more than 150, 175 and 240%, respectively,
compared to the reference. According to Figure 7b, the fracture energy performance of the
mortar specimens slightly decreased when BB was used. Specifically, using 1, 2, and 5%
of BB resulted in reductions of more than 6%, 11%, and 10%, respectively, compared to
the mortar without biochar. However, batches with 2% and 5% of Nera biochar showed
improvements of more than 17% and almost 30%, respectively, concerning the reference.
Based on these results, the beneficial effects on fracture energy highlighted in the case
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of cement-pastes are not always present, and undoubtedly less significant, in the case of
mortars, although they are still evident, and by no means negligible, for the NB in the
percentages of 2% and 5%.

The compressive strength (o) results at 28-days of cement-paste and mortar specimens
incorporating various dosages of biochar are displayed in Figure 7c. The results obtained
from testing cement-paste specimens showed favorable outcomes when using NBC. The
compressive strength of the 2% NBC batch slightly improved by almost 15% compared with
the reference sample. Furthermore, using a percentage of NB equal to 5% gave a positive
result; in this case, the compressive strength remained approximately the same compared to
plain cement-paste. Concerning cement-pastes, adding biochar does not trigger significant
decreases in compressive strength. Regarding mortars, adding biochar does not generate
significant changes in compressive performance; conversely, it decreases as the dosage of
both biochar used in this study increases.

4. Discussion

The flexural test results for cement paste show an overall improvement in strength
with low biochar content. This improvement in mechanical properties is associated with
the “bridging effect”, which is particularly evident in fracture energy, where both types
of biochar tend to enhance performance compared to standard cement. Furthermore, as
indicated in the literature [43], biochar can serve as a nucleation point for the hydration
phases of cement, promoting better maturation.

At higher biochar contents, the negative mechanical effect is primarily due to the
high surface area and numerous pores that tend to sequester hydration water, as shown in
Table 2. This phenomenon worsens the workability of the composite and further lowers the
water-to-cement ratio, thereby not ensuring sufficient water for optimal cement hydration
and deteriorating performance [44]. This effect has also been observed in the literature by
Tan et al. [42], although the flexural strength decrease is less pronounced in our case.

In the case of mortar, there is a slight improvement in mechanical performance in both
flexural and compressive strength, with fracture energy improving only when using NB.
The bridging effect is less apparent in this case, while the impact related to biochar size is
more pronounced. Given the sub-micrometric size of the biochar, as shown in Figure 4,
it tends to fill the intrinsic microporosities of the mortar, leading to better packing of the
cementitious system. In particular, NB has smaller particle sizes than BB, resulting in higher
resistance to crack propagation and strength development [45]. However, at higher biochar
contents, both types tend to worsen flexural and compressive strength, an effect attributed
to poor biochar dispersion within the matrix, leading to imperfect filler distribution [29].

The performance of fracture energy aligns with other findings in the literature. Biochar
can enhance the tortuosity of the failure path in cement paste samples, altering the crack
path trajectory, especially due to the fine particles it contains [46]. Therefore, adding fine
biochar particles results in improved packing and a more densely packed matrix, effectively
transferring stress through the composite [47].

The results obtained for compressive strength contradict those in the literature.
Chen et al. [48] found that adding 3% of biochar improved compressive strength by almost
20% after 28 days. Additionally, Liu et al. [49] reported a 29.3% improvement when 2% of
bamboo biochar was used in mortars. Nevertheless, the compressive strength results in this
study conform to American and European standards governing the strength and capacity
of mortar samples [50]. As with flexural strength and fracture energy, the most significant
effects of adding biochar can be observed in cement pastes. It is worth noting that adding
biochar up to 2% does not lead to significant reductions in mortar compressive strength.

5. Conclusions

This study investigated the potential benefits of using two types of biochar, Borgotaro
(BB) and Nera (NB), as a filler in cementitious composites (cement-paste and mortar) to
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enhance their mechanical properties, and reduce their carbon footprint. Both biochar types
were produced using a standardized gasification process and pyrolysis of wood waste.

The results indicated that adding BB and NB increased flexural strength in all cases for
the cement-pastes, giving them a more tough behavior, as shown by the significant increase
in the fracture energy obtained through adding biochar to the cement-pastes. For example,
with a 2% biochar substitution, both types of biochar increased the flexural strength by
20% compared to the reference sample, and increased fracture energy by 150%. On the
other hand, NB, characterized by smaller particle size and lower internal porosity than BB,
allows for not negligible increases in compressive strength equal to just under 15% when
adding 2% biochar to cement-pastes. On the other hand, there are no appreciable variations
in the compressive strength in the other cases. The beneficial effects obtained in the case
of cement-pastes are dampened in the case of mortars while remaining appreciable as the
fracture energy for NB is increased by 2%. However, for mortars, the flexural strength and
the compressive strength for percentages of biochar equal to 2% remain virtually identical
to the reference sample, which is undeniably positive and applicable in the practical field. In
fact, it is possible to exploit biochar as a secondary material to obtain mortars with a lower
environmental impact characterized by higher fracture energy without any deterioration in
the mechanical resistance.

The improvements of mechanical properties are due to biochar that acts as a micro-
reinforcement in the cementitious paste, contributing to a more compact matrix, and an
increase in the toughness of a brittle material. In the case of mortars, fine aggregate
substantially reduces these beneficial effects, which remain non-negligible for the post-peak
behavior of samples subjected to three-point bending tests.
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