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ABSTRACT. The present study concerns the experimental investigation of
foamed concretes with 1600 kg/m’ density that incorporate biochar additions
in the mix. A series of small notched beams are prepared to determine the ciiagion: Falliano, D. De Domenico, D.,
fracture energy in CMOD (crack mouth opening displacement) mode and the = Sciarrone, A., Ricciardi, G., Restuccia, L.,
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mechanical properties in terms of flexural and compressive strength. Besides | 5ot biochar additions o the fracture
the evaluation of such properties for classical foamed concrete, the influence behavior of foamed concrete, Frattura ed
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of the addition of biochar in the lightweight cementitious paste is
comparatively investigated. Two different concentrations of biochar are Received: 08.11.2019
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analyzed, namely 2% and 4% of the cement weight, and two different curing  p,uished: 01.01.2020
conditions are studied, namely in air and in water at controlled temperature
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for 28 days. The results demonstrate that better fracture behavior are obtained i nder the terms of the CCBY 4.0,
with 2% biochar and air curing conditions. The biochar additions in moderate which permits unrestricted use, distribution,
g 20/, ke the fi £, and reproduction in any medium, provided the
concentrations (e.g. 2%) seems to make the fracture surface mote tortuous, inal author and source are credied.
thus justifying the numerical outcomes, and does not impair the flexural
strength. Further microstructural investigation is underway to confirm the
experimental observations. This research paves the way for a promising
construction material that is more environmentally friendly and sustainable

than traditional materials used in the building industry.
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INTRODUCTION

insulation, acoustic absorption and fire resistance is foamed concrete [1]-[4]. The ingredients of foamed concrete are

water, cement, fine sand, additives (if any) and preformed foam, the latter providing a porous microstructure that is
responsible for the lightweight characteristics. The density range that can be obtained with foamed concrete is very wide,
from 300 kg/m> to 2000 kg/m3. In particular, foamed concretes with densities up to 1000 kg/m? are primarily used to
exploit their insulating properties for non-structural applications, while structural elements can be realized with densities
exceeding 1400 kg/m3. Similar to other cementitious materials, in the low-density range foamed concrete has poor
mechanical strength. For this reason, different strategies have been proposed in the relevant literature to improve the
mechanical strength of foamed concrete at low densities and to limit its brittle behavior, such as addition of fly ash and silica
fume [5], introduction of short fibers of different nature [6]-[9] or placement of bi-directional grid reinforcement [10], [11].
Regardless of the reinforcement adopted, the mechanical characteristics of such lightweight cementitious materials is
affected by the mix design (water-to-cement ratio, quality and characteristics of the aggregates, etc.) as well as by the quality
of the preformed foam and by the nature of the foaming agent used for its generation [12]-[14].
On the other hand, studies dealing with the fracture behavior of foamed concrete are relatively few [15]-[17], and confined
to classical foamed concrete. Previous studies by the authors demonstrated that the fracture behavior of foamed concrete
is markedly affected by the curing conditions [18], [19], especially at the lower densities. Another interesting aspect concerns
the development of enhanced variant of lightweight concretes that incorporate by-products or slags such as electric arc
furnace slag [20]-[22] or foundry slag [23], which has motivated the present research work. This paper aims to extend the
knowledge on the mechanical characteristics and the fracture behavior of foamed concrete when slags are introduced in the
mix design as micro-aggregates. In particular, the foamed concrete variant considered in this contribution is prepared with
the addition of biochar, which is the solid waste of the thermochemical conversion of biomass. The choice of the use of
biochar derives from previous studies that have shown significant increases in terms of both flexural strength and fracture
energy of traditional cement-based composite materials [24]. Moreover, the foamed concrete of this experimental campaign
is prepared with a viscosity enhancing agent (VEA) such that the resulting mix has high cohesion and viscosity at the fresh
state (green strength), and is termed “extrudable foamed concrete” [2], [10], [25]. As a first step of this experimental
campaign, standardized prismatic specimens were prepared and tested according to UNI EN 196-1, in order to determine
the optimal process to introduce the biochar particles into the foamed concrete matrix (among three possibilities: mixed
with cement, dispersed into the hydration water or dispersed in the pre-formed foam). Once the optimal preparation
technique has been established, prismatic notched specimens were prepared and tested according to JCI-S-001 standards,
namely three-point bending tests in CMOD (Crack Mouth Opening Displacement) mode, in order to evaluate the fracture
enetgy. These notched specimens, tested at 28 days, wete prepared with dry density of 1600 kg/m3, and different contents
of biochar (as percentage with respect to the cement weight) in addition to reference specimens without biochar, and two
different curing conditions (water and air). Comparison between specimens with biochar additions against reference
specimens has been performed in terms of flexural and compressive strength values, load-CMOD curves, fracture energy
and related ductility.

I n the field of lightweight concretes, one of the most promising materials that most effectively achieves thermal

SPECIMEN PREPARATION AND TESTING CONDITIONS

addition. Indeed, three different introduction modalities are evaluated. In the first modality, the biochar is directly

added in the cement at the dry state. After a proper mixing of the powders, water and VEA are added. Once a
homogeneous paste is obtained, the preformed foam is finally added in order to achieve a target dry density of 1600 kg/m3.
In the second modality, the biochar is added after the mixing of cement, VEA and water. After obtaining a homogeneous
mix including the biochar, the pre-formed foam is finally added as in the first modality. In the third modality, the biochar is
mixed with the foam. After generating the pre-formed foam, the biochar is added in the foam and the micro-aggregates are
dispersed through a vertical mixer. At this stage, the foam with biochar and the cementitious paste are mixed together. The
comparison between the three preparation modalities is made in terms of stability of the mix and density at the fresh state.
It has been found that the first two modalities exhibit no significant differences, whereas in the third modality (biochar
added in the foam) percentages of biochar > 0.5% of cement weight lead to an instability of the foam with coalescence
phenomena and a resulting material having densities higher than the target dry density (hence higher than the density

T he first step of the experimental campaign is focused on the preparation procedure in relationship to the biochar
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obtained with the other two modalities). In addition, the instability of the foam gives rise to a considerable viscosity loss of
the cementitious paste, which is no longer extrudable. Although the biochar directly added in the foam could be more
effectively dispersed in the cementitious matrix, the aforementioned results suggest that this preparation modality is not
straightforward. Further studies are needed to improve the stability of the foam with biochar percentages = 0.5%. The first
preparation modality is finally chosen to facilitate the mixing procedure.

Based on the preparation modality and the established target dry density of 1600 kg/m? (cotresponding to a fresh density
of 1700 kg/m?3), a seties of small beam specimens are prepared with dimensions 20x20x80mm?, as shown in Fig. 1. The
specimens are prepared with a Portland CEM I 52.5 R, and a water-to-cement ratio equal to 0.3. The VEA is then added in
the paste to improve the cohesion and viscosity at the fresh state, but it does not impair the workability of the mixture. A
protein-based foaming agent is used for the foam generation, with a concentration of 5%. The resulting foam has a density
of 85 g/L, and the foam-to-cement ratio (in weight) is 0.08. Mote details on the preparation procedures and the mix design
can be found in Falliano et al. [12]. Besides the reference specimens without biochar, some specimens are prepared with
biochar particles in two different concentrations, namely 2% and 4% of cement weight.

oy 3
o e

Figure 2: Realization of the notch with band saw (left) and detail on the bonding of the clip-on strain gauge on the two sides of the
notch (right)

The beams are kept for 24 hours in formworks, then they are de-molded and left cured for remaining 27 days (overall curing
of 28 days). Some specimens are immersed in a water tank at controlled temperature of 20°C, and some other are cured in
air at environmental laboratory conditions (temperature 20 £ 3°C and relative humidity 65-75%). In total, 24 specimens are
prepared: 8 reference specimens (4 cured in air and 4 cured in water), 8 specimens with biochar particles at 2% concentration
(4 cured in air and 4 cured in water) and 8 specimens with biochar particles at 4% concentration (4 cured in air and 4 cured
in water). After 28 days, the prismatic beams are notched with a band saw (cf. left side of Fig. 2), following the dimensional
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prescriptions of the Japan Concrete Institute Standard JCI-S-001-2003 [26]. In particular, the notch height is set 0.3 D,
where D denotes the height of the beam (20 mm), and the notch thick <5 mm.

The tests are performed in displacement controlled mode using a Zwick Line-Z010 testing equipment [27]-[29] having a 1
kN load capacity. A clip-on strain gauge is installed at the two sides of the notch to measure the CMOD (cf. right side of
Fig. 2). A displacement rate of 0.005 mm/min is used, and the beam span is adjusted to 70 mm. At the end of the flexural
tests, the two halves of the broken prism are tested in compression in another testing equipment with load capacity of 50
kN and displacement rate of 0.5 mm/min. Details of the testing equipment used for both the flexural tests and the
compression tests are shown in Fig. 3.

Figure 3: Flexural tests with CMOD measurements on notched prisms (left), detail of the clip-on strain gauge (centre) and compression
test on halves of the broken prism (right)

RESULTS AND DISCUSSION

he results of the experimental campaign consist of flexural strength, compressive strength and fracture energy. The
flexural strength is calculated according to the following expression:

3F. L
o, == max 1
I bp? M

where F,___ represents the maximum load, L is the span length of the specimen, #is the specimen depth (20 mm) and 4 the

X

net ligament height. Moreover, the fracture energy Gr is computed through the formula reported in JCI-S-001 [26]:

_0.75W, + W,
A/
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Gy @

where 4, indicates the area of nominal ligament, Iy denotes the area below the CMOD curve up to rupture of specimen
and W is the work done by the self-weight and the applied loading, the latter being computed as follows:

W, = 0.75(% g +2m, (g) CMOD, 3)

where L is the entire length of the specimen, 7 is the mass of the notched specimen, 7 indicates the mass of the loading
arrangement part not attached to the testing machine but placed on beam until rupture, gis the acceleration of gravity and
CMOD:. is the crack mouth opening displacement at the rupture. This calculation procedure of the JCI-S-001 [20] is
consistent with the RILEM procedure to determine the fracture energy. Other methods are present in the relevant literature,
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such as the two-parameter model proposed by Shah and coworker [30]. According to the latter method, the geometrical
dimensions of the samples are crucial in the determination of the stress intensity factor, especially for cement pastes that
are more notch-sensitive than concrete samples [31]. The comparison between the two calculation methods will be further
investigated in future work.

The main results of the experimental tests are listed in Tab. 1 in terms of flexural strength, fracture energy and compressive
strength (the latter determined as mean value of the two halves of the broken prism). It is seen that the flexural strength is
affected by the curing conditions: indeed, the mean flexural strength of water-cured specimens is around 30% lower than
that of the corresponding air-cured ones. This is also confirmed by other studies in the literature concerning foamed
concrete at lower densities [18], in which it was shown that the curing conditions affect the hydration process and the
microstructural configuration of the cementitious paste. With regard to the influence of the biochar on the flexural strength,
it is noted that the addition of 2% contents does not alter the flexural strength, while higher contents (4%) contribute to a
modest decrease of the flexural strength (approximately 10% in comparison with original specimens without biochar for air
curing conditions). Instead, for water curing conditions, the presence of the biochar implies a marked decrease of the flexural
strength in either concentration (2% and 4%). A comparative histogram of all flexural strength values is plotted in Fig. 4.

Flexural strength Fracture energy Compressive strength
Specimen class
0 ;[MPa] G [N/ m] o, [MPa]
No biochar air curing 3.28 21.81 48.35
No biochar water curing 2.40 27.67 47.38
Biochar 2% air curing 3.22 23.90 26.92
Biochar 2% water curing 2.38 11.76 28.99
Biochar 4% air curing 2.96 20.85 25.75
Biochar 4% water curing 2.06 22.62 25.02

Table 1: Experimental results of analyzed specimens with different curing conditions and biochar contents.
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Figure 4: Comparative histograms of average flexural strength of foamed concrete specimens with different curing conditions and
biochar contents.

With regard to the fracture energy, it is noted that the curing conditions do not lead to a marked difference of results for
4% biochar contents as can be seen in the comparative histogram of Fig. 5. Indeed, while the flexural strength of water-
cured specimens is lower than that of air-cured ones, the overall ductility (deformation capacity in the post-elastic branch)
is much greater in the water curing conditions as can be seen in the Force-CMOD curves shown in the right side of Fig. 6.
Therefore, the fracture energy in the two cases turns out to be of comparable order. It is worth noting that in the case of
biochar content of 2% some unexpected fracture energy values were obtained for specimens cured in water (around 50%
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lower than the analogous specimens cured in air). This seems to be related to a premature damage occurred in the tested
specimens and to a non-perfect alighment of the loading apparatus for this limited class of specimens. The addition of
biochar at 4% concentration worsens the fracture energy performance, while lower concentrations seem to be beneficial in
improving the fracture behavior for the air curing conditions. The different fracture energy values for specimens with
biochar at 2% concentration in the two different curing conditions can be explained by a macroscopic observation of the
fracture surface. Fig. 7 illustrates that the fracture surface for air curing is more tortuous than the analogous fracture surface
for water curing. When comparing these results with those in Fig. 8 (specimens with 4% biochar concentration) it is noted
that for air curing conditions the specimen with 2% biochar have a more tortuous fracture surface that the specimen with
4% biochar, thus qualitatively justifying the obtained results. Moreover, by comparing the specimens without biochar and
with 2% biochar in air curing conditions, it is noted that the addition of biochar increases the fracture energy (in line with
previous studies from the literature in ordinary concretes [24]). This result is justified in view of the further modifications
of the fracture path provided by the biochar additions in the foamed concrete microstructure and in view of the fact that,
unlike biochar at 4% concentrations, the presence of the micro-aggregates does not produce a decrease of the flexural
strength.

35
ENBC air
© .

30 5 u NBC water
_ N o uBC 2% air
£ 5 % i a b <0
Z = g ~ BC 2% water
i N 0, M
S - mBC 4% air
gﬁ B BC 4% water
Q
8 15
£
2
g8 10
=

5

Figure 5: Comparative histograms of average fracture energy of foamed concrete specimens with different curing conditions and biochar
contents.
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Figure 6: Force displacement curves of foamed concrete specimens with different curing conditions and biochar content of 2% (left)
and 4% (right) of the cement weight

There is a change of trend between the flexural strength and fracture energy in the two curing conditions for samples without
biochar. Indeed, for this class of specimens, the flexural strength is higher for air curing conditions than for water curing
conditions, whereas the fracture energy is higher in the water curing conditions. This is due to a different behavior in the
post-elastic branch of the two classes of specimens (water-cured and ait-cured). As previously highlighted for specimens
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with 4% biochar, the post-elastic branch of the Force-CMOD curve of specimens cured in water without biochar is more
pronounced and directly affects the value of the fracture energy, despite the associated lower peak load.

Figure 7: Fracture path and fracture surface of four analyzed foamed concrete notched beams with 2% biochar cured in air (top) and in
water (bottom).

Figure 8: Fracture path and fracture surface of four analyzed foamed concrete notched beams with 4% biochar cured in air (top) and in
watet (bottom).

Finally, the results in terms of compressive strength are shown in Fig. 9. It is seen that the curing conditions do not markedly
affect the compressive strength values in all the analyzed specimens (without biochar, with 2% biochar and 4% biochar
concentration). The foamed concrete specimens without biochar have a mean compressive strength of around 48 MPa,
while the addition of biochar implies a significant reduction of the compressive strength even of almost 50%. These results
point out that in the field of foamed concretes in the medium-to-high density range, the addition of biochar with
concentrations higher than 2% reduce the compressive strength in a considerable manner. This is confirmed by previous
studies from the literature regarding ordinary concretes with biochar [24]. Although the previous studies refer to ordinary
concrete (not foamed), considering the high-density range of the foamed concrete analyzed in the present study, the authors
believe that these results are consistent with previous investigations in the field. Nevertheless, the increase of flexural
strength and fracture energy accomplished by biochar contents of 2% compensates for the decrease of compressive strength,
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which is still higher than 25 MPa (thus guaranteeing the feasibility of structural applications). Overall, the use of biochar
decreases the cement amount in the preparation of the foamed concrete, thereby leading to a material that exploits recycled
components and, hence, that converts a slag material (biochar) into a useful resource.
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Figure 9: Comparative histograms of average compressive strength of foamed concrete specimens with different curing conditions and
biochar contents.

CONCLUSIONS

his study has investigated the fracture properties and the mechanical strengths of foamed concrete with and without

biochar additions at a target dry density of 1600 kg/m?3. It has been found that the most approptiate method for the

addition of biochar during the foamed concrete preparation is to mix it with cement at the dry state. It has been
found that introducing biochar in the foam may cause instability, coalescence phenomena and collapse of the three-
dimensional structure of the foam before the mixing phase. Two different curing conditions were compared, namely
specimens cured in air and in water at controlled temperature for 28 days. Moreover, two different biochar concentrations
of 2% and 4% in cement weight were analyzed. In order to analyze the fracture behavior, notched beam specimens are
prepared and tested in CMOD mode with a clip-on strain gauge to control the crack opening. The fracture energy has been
assessed based on the Japanese standards JCI-S-001. Moreover, besides the flexural strength calculated in the three-point
bending tests, the compressive strength values were determined in the two resulting halves of the broken prism. The results
have demonstrated that the foamed concrete without biochar is markedly affected by the curing conditions: specimens cured
in air have a higher flexural strength (of around 30%) than those cured in water; however, the fracture energy of air-cured
specimens is lower than those of water-cured ones, because the Force-CMOD curve of the formed class is characterized by
lower ductility than the latter. The compressive strengths are higher than 45 MPa, thus making it feasible to use this material
even for structural applications. With regard to the influence of biochar additions, it has been found that the 2% biochar
contents led to improvements in terms of fracture energy in air curing conditions, while the flexural strength is almost
identical to the case of specimens without biochar. The other combinations of biochar contents and/or curing conditions
yielded worsening of the behavior of all the mechanical properties investigated. In particular, in all cases the compressive
strength is negatively influenced by the presence of biochar. Nevertheless, considering the advantages of the biochar
additions (lower environmental impact, lower amount of raw materials, recycling of a slag component) and considering the
values of the resulting compressive strength higher than 25 MPa, the development of biochar-based foamed concretes seems
to be an attractive line of research and deserves further investigation at different densities.
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