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Abstract

Only in Europe, every year around 29 million tons of plastic waste are gener-

ated and only about 35% of such waste is collected for recycling. This results in

huge amounts of plastic waste threatening the environment. One of the possi-

ble solutions for disposal can be represented by the concrete industry. Several

research works have already studied the use of plastic waste in concrete mix as

partial replacement for aggregates, showing that this use of plastics can con-

tribute to reducing the environmental impact of concrete production by saving

non-renewable resources. At the same time, lightweight concrete can be pro-

duced but at a non-negligible cost of a mechanical strength reduction. This

work aims at investigating the effects on concrete physical and mechanical

performances resulting from the introduction of recycled plastic aggregates in

combination with another kind of waste used as filler, namely biochar. Bio-

char, which is the solid carbonaceous by-product resulting from wood-waste

pyro-gasification, can have the role of carbon sequestrating additive in con-

crete, being able to fix carbon in a stable form in buildings for decades. The

experimental findings obtained in this work show that the combination of bio-

char and recycled plastic waste, which was never investigated before, can help

to obtain concretes with satisfactory mechanical performance, which promote

circular economy principles. Thanks to biochar addition, the reduction in

mechanical properties due to the presence of plastics is extremely limited with

respect to control; moreover, these concretes demonstrate better behavior in

terms of fracture energy and ductility.
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1 | INTRODUCTION

The management of plastic waste and its recycling are
nowadays topics of big concern. The global production of
plastic has indeed increased from 15 million tons in 1964
to over 390 million tons in 2021 and it is expected to dou-
ble in the next 20 years.1 This means that the volume of
plastics produced worldwide has grown more than
20-fold in the last decades, so making plastic the third
man-made material most widely produced worldwide,
after concrete and steel. Nowadays, every year, the post-
consumer plastic waste collected in Europe amounts to
about 29 Mt, of which about only 35% is recycled.1 The
production of plastics not only causes the exploitation of
non-renewable natural resources, but the worst aspect is
related to its disposal. Plastics need hundreds of years to
degrade while releasing toxic pollutants into the environ-
ment.2 When plastics are not dumped into landfills or
recycled, they can be sent to energy recovery through
incineration, which, however, results in carbon dioxide
emissions, with the additional risk of releasing toxic com-
pounds for the human health and the environment.3 Due
to the growing concerns about the environmental effects
of post-consumer plastic waste disposal, the attainment
of a higher recycling rate of plastic waste has become, in
recent years, one of the major EU priorities. This goal
implied the launch in 2015 of an EU Action Plan for cir-
cular economy and the consequent adoption of a Plastic
Strategy in 2018,4,5 with the aim of ensuring that all plas-
tic packaging is reusable or easily recyclable by 2030.

The need for innovative solutions for plastic recycling
has brought attention to the reuse of plastic waste in con-
struction materials. The building industry is responsible
for several negative impacts on the environment, particu-
larly due to the production of cement-based materials,
since only cement production, which exceeds 4 billion
tons every year in the world, accounts for about 8%–10%
of the global loading of carbon dioxide into the atmo-
sphere.6 Ordinary concrete typically contains 12% cement
and 80% aggregate by mass.7 Considering that worldwide
over 30 billion tons of concrete are being produced each
year,8 this implies that concrete-making contributes not
only to greenhouse gas emissions (from 4% to 8% of the
world's CO2) but also consumes a significant amount of
natural resources. Sand, gravel, and crushed rock are
used for concrete at the rate of more than 25 billion tons
every year, adversely affecting the landscape, the river-
beds, and more in general ecosystems. Moreover, the
mining, processing, and transport operations of aggre-
gates consume considerable amounts of energy.

During the last decades, the use of different kinds of
waste was attempted in concrete, with the dual aim of
reducing the abovementioned environmental impacts

and at the same time solving the solid waste disposal
problem. Recycling of some materials, such as plastics,
glass, and construction and demolition waste, allows for
saving non-renewable resources by partially replacing
natural aggregates,9,10 while other secondary materials
are used for reducing the emissions of greenhouse gases
related to concrete production.11 Among these latter,
recent research developments have concerned the use of
biochar as an alternative way to reduce the carbon foot-
print of cement-based materials.12–15 Biochar is the solid
by-product resulting from biomass pyrolysis or gasifica-
tion, that is, processes of thermo-chemical conversion
under controlled conditions aimed at obtaining energy,
in the form of syngas. The solid waste of this process is
biochar, a material that is nowadays used for a wide
range of applications, mainly related to the agricultural
field. However, it is often still disposed of in landfills. The
use of biochar in construction materials not only means
wise waste management, but it is also a strategy for stor-
ing carbon in the built environment. During pyrolysis,
biochar particles capture a high volume of stable carbon
in their chemical structure, and this means that carbon
can be indirectly locked for decades in buildings, which
become carbon-sink themselves. Moreover, when used in
proper percentages as filler, biochar can enhance the
mechanical properties of cement-based materials, such as
compressive strength, flexural strength, and
toughness.16–25 These positive effects, strictly depend on
the percentage of biochar addition, on its physical and
chemical properties, as well as on the curing type and
time adopted for the cementitious material. More in
detail, improved performance can be observed for biochar
additions between 1% and 5% (by weight of cement). This
effect is mainly related to the ability of biochar particles
to fill the voids as well as to retain mixing water and
gradually release it with time, so promoting the develop-
ment of hydration reactions, especially in case of long air
curing.

Within the context of waste recycling and producing
more sustainable concrete, this work aims at studying
the effects on concrete mechanical performances related
to the addition of biochar together with the partial sub-
stitution of natural aggregates with plastic waste. The
recycling of plastics into concrete was deeply studied in
past years since it can be seen as an ideal method for
disposing of this kind of waste, giving rise to both eco-
nomic and ecological advantages. This use of plastic
waste can prevent the degradation of plastic in the envi-
ronment by locking it into concrete, so reducing pollu-
tion. Moreover, the replacement of sand/gravel needed
for concrete production with recycled plastics allows for
reducing the environmental impact by decreasing
energy consumption and saving virgin construction
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materials. Plastic waste can also be seen as a lightweight
aggregate, reducing concrete density. However, several
experimental studies on different kinds of plastic
waste26–29 demonstrated that the use of recycled plastic
in partial replacement of aggregates generally tends to
worsen concrete mechanical performances. This effect is
mainly related to the chemical incompatibility between
the plastic waste aggregates and the cement paste, being
plastic hydrophobic and with a lower elastic modulus if
compared to natural aggregates. Moreover, special
attention should be paid during concrete production to
avoid segregation, since, due to different densities, while
plastic waste aggregates tend to float in the cement
paste, natural aggregates sink.30,31

With this background, this research work aims at
developing a circular concrete containing two completely
different kinds of waste, namely biochar (from wood
waste pyro-gasification) and plastics (from waste of
industrial processes), able to give different but offsetting
effects on concrete, in the context of carbon sequestration
strategy, circular economy, and waste recycling. More in
detail, the main idea behind the research is to promote
the recycling of plastic waste into concrete while mini-
mizing its negative effects on mechanical properties by
adding biochar as filler, so to try to counterbalance the
known reduction of strength related to the introduction
of plastic. In the literature, both biochar and plastic have
already been studied individually for possible use in con-
crete or cementitious materials, but no previous research
has explored their combined use yet. The effect in the
concrete of this combined use is herein assessed and dis-
cussed in terms of material microstructure, density,
workability, water absorption, and mechanical
properties.

2 | MATERIALS

2.1 | Cement and natural aggregates

Since the main aim of the work was to study the effects
of recycled plastic and biochar addition on concrete
behavior, at first a standard concrete mix was assumed as
a reference one, and then other mixes were defined by
varying the percentages of waste addition.

For all the concrete mixes, Portland Limestone
Cement Type II A-LL 42.5 R (characterized by a fineness
of 3900 cm2/g, as determined by the Blaine apparatus)
was used.

As regards the aggregates, the grain size distributions
of the calcareous sand and the siliceous gravel used in
the experimentation, in terms of squared mesh size ver-
sus cumulated sieve passing are reported in Table 1. The
particle density and the water absorption (defined as the
water content of an aggregate in saturated but surface
dry condition [SSD]), were determined according to EN
1097-632 and the results are reported in Table 2 for both
sand and gravel.

2.2 | Plastic waste

Ecoplast Srl (Italy) provided regranulated plastic waste,
which was composed of a mixture of low-density poly-
ethylene (LDPE) and polyamide (PA), as shown in
Figure 1a. This plastic waste derives from industrial
processing and is generally disposed of in landfills,
because of its composition variability ranging from
25 to 75 wt% of LDPE, making it difficult to reuse in
mechanical re-processing. The production of post-
production recycled plastic generally involves the fol-
lowing steps: transporting, sorting, grinding of plastic
parts, separating, and packing of re-grinded plastic,
which require a specific energy consumption of about
0.2–0.3 MJ/kg and a production of carbon dioxide
equivalent (CO2e) equal to 140–150 g CO2e/kg.

33 How-
ever, the use of recycled plastic mitigates the environ-
mental impact caused by the dispersion of
non-degradable plastic in the environment and the
depletion of natural resources for concrete production.
Even if the chemical composition of the material may
vary according to the various production batches, the

TABLE 1 Sieve analysis of aggregates, in terms of cumulated

sieve passing percentage (%) versus squared mesh size (mm).

Squared mesh size (mm)

Cumulated sieve passing (%)

Sand Gravel

10.00 100.00 100.00

8.000 100.00 83.98

5.600 100.00 19.25

4.000 98.90 2.78

2.000 81.80 1.22

1.000 63.40 1.02

0.500 40.70 0.43

0.250 14.50 0.24

0.125 3.30 0.04

0.063 0.91 0.00

TABLE 2 Physical properties of natural aggregates.

Sand Gravel

Particle density (g/cm3) 2.646 2.640

Water absorption (%) 1.75 2.00

SIRICO ET AL. 6723
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overall characteristics of these recycled plastic grains
change in a sufficiently narrow range to allow their
use as a cement filler. Plastic grains were characterized
by a uniform particle size distribution; each grain
had smooth surfaces and a lentil shape with a base of
3–4 mm and a height of 1–2 mm.

2.2.1 | Infrared spectroscopy

Recycled plastic granules were analyzed by the infrared
(IR) spectroscopy to determine their macromolecular
structure. IR spectra were acquired using the Perkin-
Elmer spectrum two FT-IR spectrophotometer, in attenu-
ated total reflectance (ATR) mode with a diamond crystal
plate. Each spectrum was the average of 16 scans,
acquired in the range 4000–400 cm�1 and with a resolu-
tion of 4 cm�1.

2.2.2 | Differential scanning calorimetry and
thermogravimetry

The thermal parameters of recycled plastic grains, such
as melting (Tm) and crystallization (Tc) temperatures,
were obtained by differential scanning calorimetric
(DSC) analysis. A small portion (10–20 mg) of the sam-
ples was subjected to DSC analysis using a Perkin Helmer
DSC6000 (PerkinElmer). The heating scan was carried
out in the thermal range 60/200�C with a rate of 10�C/
min, while the cooling scan was set at a rate of 10�C/min
from 200 to 0�C.

Thermogravimetry (TG) was used to verify the plastic
thermal stability. In TG analysis (TGA 8000, Perkin

Elmer) a plastic grain sample (about 10 mg) was heated
from 30 to 900�C at a ramp of 10�C/min in N2

atmosphere.

2.2.3 | Solid density

The plastic solid density is calculated by the helium pyc-
nometer Ultrapyc 1200e (Quantachrome Instruments,
Boynton Beach). About 6 g of powder was put in the
small (10.8 cm3) sample cell, and the density was
expressed as the mean of 20 measurements.

2.3 | Biochar

The biochar used in this work (Figure 1b) is the carbona-
ceous by-product derived from an industrial downdraft
fixed-bed pyro-gasification plant aimed at energy genera-
tion, located in the North of Italy. The incoming biomass
is represented by woodchips, with dimensions between
30 and 90 mm and a moisture content of less than 8%.
These woodchips are produced from locally sourced
wood waste, mainly broadleaf trees.

To minimize the environmental impact, the biochar
powder was used in the concrete mix as received from
the plant, without any additional treatments, such as
sieving or grinding. These two treatments, aimed at
obtaining finer biochar particles, are energy-intensive
processes that can reduce the benefit of inserting biochar
into building materials to decrease the carbon footprint34;
hence, it is better to avoid them, unless strictly necessary.
In the present work, biochar was used as is, since previ-
ous research,35 which used biochar coming from pyro-
gasified wood waste as filler for cementitious materials,
has shown that the advantages in terms of mechanical
performance of these pre-treatments do not justify their
use in terms of sustainability.

Biochar particles were physically and chemically
characterized before being inserted as filler in the con-
crete mix. The biochar solid density value was calculated
by the helium pycnometer Ultrapyc 1200e
(Quantachrome Instruments, Boynton Beach). The parti-
cle size analysis was conducted in wet mode
(i.e., employing water as dispersing medium) by using a
laser granulometer (Mastersizer 3000, Malvern Instru-
ments Ltd., Malvern) and the Fraunhofer approximation.
The volume density in % was obtained as a function of
the particle size in μm.

Scanning electron microscopy (SEM) images of bio-
char were collected by the field emission SEM (Nova
NanoSEM 450, FEI company) using backscattered elec-
trons for image acquisition.

FIGURE 1 Waste materials used in the concrete mixes:

(a) recycled plastic grains; (b) biochar.
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The energy dispersive x-ray spectroscopy system (X-
EDS) (QUANTAX-200, Bruker, Germany) was used to
obtain the quantitative elemental composition of biochar.

3 | EXPERIMENTAL PROGRAM

3.1 | Mix design and specimen
preparation

The experimental campaign consisted of four concrete
mixes: a reference concrete for control (named C), which
is representative of a standard mix for concrete devoted
to classical in situ applications, two concrete mixes con-
taining an increasing percentage of recycled plastic gran-
ules (named P13 and P20), and a concrete mix with both
biochar and plastic grains (named BP13). The numbers
in the name of the batches stand for the percentage of
substitution of traditional with recycled plastic
aggregates.

The mix proportions of all the batches are reported in
Table 3, so following a standard recipe for concrete (cement,
sand, coarse aggregates, water, and plasticizer). The water-
to-cement ratio was kept equal to 0.5 for all the mixes,
while the percentage of aggregate substitution was varied.
Due to the difference in specific gravity between natural
and plastic aggregates, the volumetric design method was
adopted: sand/gravel were partially substituted by plastic
waste as a percentage by volume. Recycled plastic grains
were added in substitution of 13% (for P13 and PB13 mix)
or 20% (for P20 mix) of traditional aggregates. Natural
aggregate proportions reported in Table 3 refer to SSD con-
dition, so as recycled plastic grains, which were considered
to be in a state of 0% absorption.

Additionally, starting from the mix proportion of P13,
the batch named BP13 was obtained by adding biochar as
a filler, at 5% by weight of cement. This percentage was
chosen based on previous experimental findings obtained
in Ref. 16 for structural concrete, since it combines a high
recycling rate and carbon storage with enhanced
mechanical properties.

All the mixes were prepared to obtain a homogeneous
mixture without segregation and avoid the floatation of
plastic grains on the concrete surface. At first, all the

aggregates (both natural and recycled) were mixed for
about 5 min with half of the required water in a drum-
type mixer. Then, the cement and a quarter of the total
water were added and mixed for 3 min. Finally, an
acrylic-based superplasticizer and the remaining water
were added, and the mixing continued for the last 4 min.

It is worth noticing that the addition of biochar
requires a slight modification in the mixing sequence. As
suggested in Refs. 16,22, biochar was previously pre-
soaked for about 48 h before mixing, by immersing it in
about 25% of the water computed for the mix design. This
process was done to make biochar particles reach their
saturation point, so to exploit the ability of biochar of
retaining mixing water and gradually release it with time,
promoting cement hydration. Then, the mixing sequence
was the same adopted for the other batches: biochar was
added in the first stage, together with the aggregates and
50% of the water required by the mix design, considering
that 25% of the total water was already contained in bio-
char particles.

For each concrete mix, cylinders (100 � 200 mm2,
dc � hc), cubes (150 � 150 � 150 mm3), and prismatic
specimens (100 � 100 � 400 mm3) were cast to perform
splitting, compressive and flexural tests, respectively.
Moreover, additional cubes for density and water absorp-
tion measurements were prepared.

The cylindrical and cubic specimens were cast
through three layers, while beams through two layers,
and then compacted by using a vibrating needle. The
specimens were covered with polyethylene sheets and
demolded after 24 h. All the specimens devoted to the
measurement of the mechanical performances were
cured in water, while the cubes for density and water
absorption measures were cured according to specifica-
tions of the regulation codes followed for test performing,
that is, EN 12390-736 and ASTM C642-06,37 respectively.

3.2 | Workability

Workability was evaluated through slump test according
to EN 12350-2.38 As can be seen from Table 3, the
adopted superplasticizer dosage was different for each
mix, since it was properly modified to obtain for all the

TABLE 3 Mix proportions of batches in kg/m3.

Mix Cement Fine aggregate Coarse aggregate Plastic Biochar Water Plasticizer

C 408 1126 562 — — 204 3.88

P13 408 900 562 74 — 204 1.92

P20 408 900 449 111 — 204 1.47

BP13 408 900 562 74 20.4 204 4.69

SIRICO ET AL. 6725
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batches the same target consistency level, that was slump
class S4 (160–210 mm), as defined by EN 206.39 A typical
amount of superplasticizer was chosen for control mix I,
while a lower quantity was required for P13 and P20 mix,
respectively equal to 50% and 62% less than that of
control I, see Figure 2.

This effect is related to the non-absorptive character-
istics and the hydrophobic nature of plastic grains, which
lead to concrete mixes with more free water. A reduced
amount of superplasticizer with respect to control means
higher slump values if the amount of superplasticizer is
maintained, which leads to obvious advantages for in situ
applications, such as the possibility of obtaining good
workability with lower water content.

On the contrary, to balance the loss of flowability due
to biochar addition, 21% more superplasticizer was
needed for BP13 samples. This effect is linked to the well-
known ability of biochar particles to absorb water,22

which considerably increases the amount of superplasti-
cizer required, as already proved by past research.13,17,21

This was also confirmed by the water absorption value of
the used biochar, which was experimentally determined
according to the method described in Ref. 40 and resulted
equal to 2.08 ± 0.06 g of water per gram of biochar.

3.3 | Fresh and hardened density test

Fresh density was evaluated according to EN 12350-6,41

after compacting the concretes with a vibrating needle.
The density of hardened concrete was determined
according to EN 12390-736 on three cubes for each mix,
28 days after demolding. The cubes were dried in a venti-
lated oven at 105 ± 5�C until their mass change of two
successive measurements at intervals of 24 h was less
than 0.2%.

3.4 | Water absorption test

The total amount of water absorption was determined by
using the saturation method described in ASTM
C642-0637 on three cubes for each batch. At first, the
oven-dried mass (A) of each cube was obtained by plac-
ing it in a ventilated oven at 105 ± 5�C until the measure-
ment indicated approximately constant mass (i.e., mass
changes by less than 0.5% in 24 h). Then, the saturated
mass (B) of the samples was obtained by immersing them
in water at approximately 20�C for not less than 48 h and
until the mass change of each cube in the condition of
dry surfaces was less than 0.5%. Then the water absorp-
tion was computed as [(B–A)/A] � 100.

3.5 | Digital and scanning electron
microscopy

To verify the distribution of the plastic grains and biochar
particles in the concrete matrix, digital images of the
samples were taken with a USB Digital Microscope
(DM) equipped with the MicroCapture software. SEM
was performed to obtain information on the interactions
at the plastic/concrete and biochar/concrete interface.
SEM characterizations were conducted with a field emis-
sion SEM (FESEM, Nova NanoSEM 450, FEI Company).
Images were acquired in field-free lens mode making use
of the circular backscatter detector (CBS). The accelerat-
ing voltage (HV) of 15 kV, the spot size of 4 a.u., and the
working distance (WD) of about 6 mm were utilized in
the acquisition of all images.

3.6 | Mechanical tests

Compressive tests were performed at 7 and 28 days of
curing, in compliance with EN 12390-3,42 by using a Uni-
versal Testing Machine METROCOM PV P30. The load
was applied with a constant rate of 0.5 MPa/s and the
measurements were carried out on three cubic samples
for each concrete mix, at each time of curing.

The splitting tensile tests were performed by using the
same Universal Testing Machine, following EN 12390-643

recommendations. A compressive force was increased con-
tinuously at a constant rate of 0.05 MPa/s along the length
of each cylinder, which was placed horizontally between
two parallel plates of the testing machine until the brittle
failure of the specimen occurred.

Flexural tests were carried out according to JCI-S-
001-2003,44 by using a three-point bending (3 PB) loading
scheme on beams characterized by a 2 mm wide and
30 mm deep notch at mid-span (Figure 3).

FIGURE 2 Required superplasticizer amount (% by wt of

cement, left axis) and average slump values with the corresponding

standard deviations (mm, right axis).
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The tests were performed on four specimens for each
mix, by means of a high-precision servo-electric Univer-
sal Testing Machine (INSTRON 8862), by controlling the
crack mouth opening displacement (CMOD) with a clip-
on strain gauge, and by measuring simultaneously the
load. A speed of 0.6 mm/h was adopted at the beginning
of the test to reach the peak load Pmax in about 5 min;
then, the speed was progressively increased until a resid-
ual load of about 0.015 kN was obtained.

Flexural strength σf and fracture energy Gf were eval-
uated for each specimen from the load P–CMOD
response, according to Equations (1) and (2),
respectively:

σf ¼Pmax
3S

2bh2
ð1Þ

Gf ¼ 0:75W 0þW 1

Alig
ð2Þ

where b and h (which are equal to 100 mm and 70 mm,
respectively) are the width and net depth of the notched
mid-cross section, while S is the net span, equal to
300 mm (Figure 3). It is worth noticing that the precise
values of these quantities were carefully measured for
each beam and then used for the calculation. Moreover,
W0 is the area under P–CMOD curve, W1 is related to the
work done by the deadweight of the specimen and the
loading equipment, while Alig is the area of the ligament
(equal to b � h).

4 | RESULTS AND DISCUSSION

4.1 | Plastic grain and biochar
characterization

The IR spectra of the polymeric grains, in Figure 4, allow
determining the main structural characteristics of the poly-
meric materials used, giving information on the possible

interactions that can be created at the interface between
polymer grains and cement. In the grains with higher con-
centration of PE, the characteristic IR peaks of this polyole-
fin can be identified in Figure 4a. The PE main stretching
vibrations appear at 2916 cm�1 (asymmetric CH2 stretch)
and 2848 cm�1 (symmetric CH2 stretch). The main bending
modes of the CH2 groups are located in the IR spectrum at
1471 and 1462 cm�1 (the CH2 scissors vibration) and at
730 and 720 cm�1 (CH2 rocking).

45 On the other hand, the
spectrum of the PA-rich sample is shown in Figure 4b. The
PA characteristics bands are at 3297 (the stretching of N H
group), 3078 (the first overtone of amide II), 2849 and
2918 cm�1 (respectively the symmetrical and asymmetrical
stretching of CH2). The band at 1637 cm�1 corresponds to
the amide I absorption (stretching of the C O + C N
groups) and the peak at 1541 cm�1 is due to the amide II
vibration (N H in plane bending + C N stretching).46

The thermal characteristics, obtained by DSC, of the
polymeric grains are shown in Figure 5. The melting and
crystallization temperature, observed at 129 and 111�C,
respectively (Figure 5a), are compatible with the
characteristics of a regranulated low-density PE.47 By
considering a melting enthalpy (ΔHm) of 102 J/g, the PE
crystallinity degree—defined as %C¼ ΔHm=ð
ΔH0

m Þ�100—can be assumed about equal to 35%. ΔH0
m

is the melting enthalpy for a 100% crystalline polymer
and it was taken as 293 J/g for PE.48

The DSC curve of the grains with the higher PA con-
tent is shown in Figure 5b. An additional melting peak
during the heating scan is visible at approximately 210�C,
while a crystallization peak at 170�C can be seen in the
cooling scan. These temperatures are in line with the
characteristic thermal behavior of a PA6.49 With a melt-
ing enthalpy of about 30 J/g, the %C of the PA fraction
was calculated at about 13%, by using literature data for
the ΔH0

m ≈230 J/g of 100% crystalline PA6.50

From a thermal point of view, both types of recycled
plastic grains (PE and PA rich samples) completely
decomposed in a single degradative step around 500�C,
as shown in Figure 6.

FIGURE 3 Testing configuration

and geometry for three-point bending

test (dimensions in mm) according to

JCI-S-001-200344: (a) midspan cross-

section geometry of specimen;

(b) longitudinal view; (c) detail of the

beam notch and the clip gauge for

CMOD control.
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The mean plastic solid density, obtained by analyzing
a random set of plastic grains as reported in Section 2.2.3,
was 0.868 ± 0.001 g/cm3, thus resulting significantly less
than the corresponding one of natural aggregates (equal
to 2.64 g/cm3).

The physical characteristics of the biochar, useful for
calculating the mix design, were obtained experimentally.
The solid density value resulted equal to 2.04
± 0.01 g/cm3, a value in line with relatively high produc-
tion temperatures typical of the pyro-gasification process
and the type of feedstock.

As it appears from the particle size analysis
(Figure 7a), the biochar particle distribution is relatively
broad, with a span equal to 5.789. However, the volume-
weighted mean DV-mean, equal to 236 ± 60 μm, and the
standard percentiles of grain size D10, D50, and D90,
equal respectively to 11, 107, and 634 μm, confirm the pos-
sible use of this biochar as filler for concrete production.

The broad dimensional distribution of the biochar is
also confirmed by the SEM analysis (Figure 7b), which
shows an extremely heterogeneous structure, in terms of
size and composition. In fact, in addition to the carbon-
based pyro-gasification residues, inorganic compounds
are present in the system, as highlighted by the elemental
compositions reported in Figure 7b.

4.2 | Concrete specimens with biochar
and plastic grains

4.2.1 | Fresh and hardened density

The effect of the use of recycled plastic granules and bio-
char on density can be seen in Figure 8. By comparing
the values obtained with those of the reference plain con-
crete mix (C), it can be observed that, as expected, the
plastic grains lead to a reduction of density, with the
same trend for both fresh and hardened values. Thanks
to the low specific gravity of plastic grains with respect to
natural aggregates, the density decreases for increasing
values of substitution, leading to a maximum decrease of
about 15% for P20 samples with 20% of aggregate substi-
tution. The obtained density value allows classifying P13
and P20 as lightweight concrete of density class D2.0
(according to Eurocode 251 classification).

The addition of biochar (BP13 samples) determines a
further slight reduction in density with respect to the
corresponding mix with the same amount of plastic
(i.e., P13). This result is probably related to the combi-
nation of two opposite effects. Concrete density tends to
be reduced by the low density of biochar particles,
which are characterized by high porosity, as highlighted

FIGURE 4 Infrared spectra of the granules rich in: (a) PE, and (b) PA; (a.u. arbitrary unit).

FIGURE 5 Differential scanning calorimetric curves of the granules rich in: (a) PE and (b) PA.

6728 SIRICO ET AL.

 17517648, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202200949 by C

ochraneItalia, W
iley O

nline L
ibrary on [05/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



in several works,12,52,53 while an increase is related to
the de-aerating and filler effects promoted by biochar,
which is able to fill the voids, so reducing the porosity of
the cement matrix.16

4.2.2 | Water absorption

The water absorption measurements for concretes with
different amounts of plastic are reported in Table 4.
Although the recycled plastic granules have a non-
absorbent nature themselves, increasing substitution rates
of natural aggregates with plastic grains lead to higher
total water absorption values with respect to reference
concrete (C). This effect is caused by the higher porosity of
concretes containing plastics: the plastic grains, being
hydrophobic, cannot chemically bind with the cement
paste, leading to a highly porous interfacial transition zone
between the recycled plastic granules and the cement
paste. Anyway, absorption (%) is lower than 10% in all the
mixes, which is the recommended limit for good quality
cementitious mixes for practical applications.54

The ability of biochar particles to fill the voids, which
enables the creation of a denser structure of concrete, con-
tributes to the slight reduction of water absorption of BP13
with respect to the corresponding mix with the same
amount of plastic, P13. Experimental findings in the litera-
ture55 suggest that the addition of biochar at 1%–2% by
weight of cement is effective in reducing the water

FIGURE 6 Thermogravimetry curves of the granules rich in: (a) PE and (b) PA.

FIGURE 7 Biochar sample: (a) cumulative particle size distribution and (b) scanning electron microscopy image, with list of the

elemental compositions of two characteristic points in the heterogeneous structure of biochar.

FIGURE 8 Average fresh and hardened density values with

the corresponding standard deviations, for concrete mixes

containing recycled plastic grains (P13 and P20) and containing

both biochar and recycled plastic grains (BP13), compared to

reference concrete (C).
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absorption in cementitious mortars, but this fails for
higher percentages. This is the reason why the addition of
5% by weight of cement used for concrete BP13 shows a
slightly reduced value, but is almost comparable with that
of P13.

4.2.3 | Microscopy analysis

Figure 9a,b report the DM images of samples C and
BP13, respectively. The reference concrete and the
biochar-plastic concrete samples do not show any consid-
erable difference at this magnification. On the contrary,
at higher magnifications, shown in the SEM images of
Figure 9c,d, a different behavior of biochar and plastic
grains, respectively, towards the cement matrix can be
noted. At the biochar-cement interface, there is no phase
separation: the two materials give life to a continuous
and homogeneous microstructure due to the compatibil-
ity between the two components (Figure 9c). On the
other hand, in the case of plastic grains, the formation of
a separation layer is clearly observed between the hydro-
phobic polymer surface and the hydrophilic cement
matrix, determining a microstructural discontinuity
(Figure 9d).56

4.2.4 | Compressive strength

As can be seen in Figure 10, the average compressive
strength decreases at both 7 and 28 days of curing, when
recycled plastic granules are used in the concrete mix. An
almost linear reduction can be observed as the percent-
age of substitution of natural aggregates increases from
0% of reference concrete (C), to 13% (P13) and 20% (P20).
As can be further observed from Figure 11, the obtained
experimental data suggest a linear relationship between
density and compressive strength, so confirming the
same correlation between these two variables already
found in the literature for LDPE aggregates.57

The degradation of compressive strength when plastic
grains are added to the concrete mix can be attributable
to the following aspects. The physical–chemical incom-
patibility between the plastic grains, which are character-
ized by hydrophobic properties, and the cement matrix,
which is substantially hydrophilic, causes the presence of
not absorbed water, a reduced cement hydration reaction
near the surface of the plastic grain as well as the pres-
ence of an empty interface between the two materials, as
also observed by SEM (Figure 9d). This worsens the bond
strength between the surface of the plastic grains and the
cement matrix, and increases the porosity of the concrete,
as highlighted also by the results of the water absorption

test. Moreover, also the lower stiffness of recycled plastic
granules with respect to natural aggregates plays an
important role in reducing the compressive strength of
the concrete.

The addition of 5% biochar (by weight of cement) is
able to partially counterbalance the negative effects
related to plastics. As a matter of fact, the mechanical
behavior of concrete containing plastic improves when
biochar is added to the mix (Figure 10), thanks to filler
effects provided by finer biochar particles, as well as to
their ability to absorb water. The voids due to plastic
addition are partially filled by biochar as well as the
water not absorbed by the plastic grains can be soaked
up by biochar particles (Figure 12a). As a consequence,
compressive strength improves, so obtaining an
enhancement of about 20% by comparing BP13 and P13
values.

4.2.5 | Tensile strength

The partial replacement of natural aggregates with
recycled plastic grains causes a decrease in splitting ten-
sile strength, as can be seen in Figure 13, which reports
the average experimental values at 28 days of curing with
the related standard deviations. However, splitting tensile
strength appears less affected than compressive strength
by the use of plastic aggregates, as already stated in the
literature for different kinds of plastic waste.26 This effect
can be better appreciated in Figure 14, which relates the
experimental compressive strengths to splitting tensile
strength values, obtained or as results of the experimental
campaign or by applying the relations reported in Euro-
code 251 for ordinary (section 3.1.2 in Ref. 51) and light-
weight (section 11.3.1 in Ref. 51) concrete. It can be
observed that Eurocode 2 relations for ordinary concrete,
which provide a close correlation to the experimental
value of reference concrete (C), underestimate the split-
ting tensile strength of P13 and P20 concrete mix. How-
ever, by applying the Eurocode 2 relations for lightweight
concrete, the experimental and analytical values are
almost coincident, meaning that the effect of recycled
plastic grains on tensile behavior is comparable to that of
ordinary not-recycled lightweight aggregates.

TABLE 4 Water absorption results.

Mix Water absorption (%)

C 8.20

P13 9.54

P20 9.86

BP13 9.42
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As can be seen from Figure 13, the presence of biochar
(BP13) improves concrete tensile strength by only 2.5%
with respect to concrete with the same amount of plastic
but without biochar (P13). The higher capability of biochar
particles of improving compressive rather than tensile
behavior is known in the literature for cementitious com-
posites (without plastic).16,18,22,58 This effect is due to the
presence of air voids in the tensile plane of concrete caused
by biochar addition, as well as to the low strength of bio-
char particles. As known, cementitious materials are char-
acterized by a brittle nature in tension, with micro-cracks
that spread quickly and develop into macro-cracks, result-
ing in failure. Finer biochar particles acting as filler may

help to control micro-cracking growth by filling the pores,
thanks to the smaller size of biochar, compared to the
other components in concrete. On the other hand, biochar
particles, especially in the case of inhomogeneous particle
sizes ranging to high values, can also agglomerate, so pro-
ducing air voids. This can lead to a formation of a weaker
interfacial zone, resulting in tensile strength values compa-
rable (or even lower) with respect to concrete without bio-
char. Biochar particles used in this study are characterized
by a relatively broad distribution with a maximum dimen-
sion of up to 3 mm (Figure 7), which tends to attract cracks
during tensile tests. On the other hand, these defects are
probably less critical during compressive tests because they
tend to be closed during testing.

FIGURE 9 Digital

microscopy images of: (a) C and

(b) BP13 (b) samples. Scanning

electron micrographs at the

interface (c) biochar/cement

matrix and (d) plastic grain/

cement matrix.

FIGURE 10 Average compressive strength with the

corresponding standard deviation, for 7 and 28 days of curing, for

concrete mixes containing recycled plastic grains (P13 and P20) and

containing both biochar and plastic grains (BP13), compared to

reference concrete (C).

FIGURE 11 Correlation between hardened density and

28-days compressive strength for concrete mixes containing

recycled plastic granules (P13 and P20) compared to reference

concrete (C).
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4.2.6 | Flexural strength and fracture energy

The less negative effects of recycled plastic aggregates on
tensile with respect to compressive strength of concrete
are also confirmed by the results of flexural tests, which

are reported in Figure 15a in terms of peak stress. Even if
for the highest percentage of aggregate substitution (P20)
a decrease can be recognized with respect to reference
concrete (C), when 13% of natural aggregates are
substituted by plastic (P13), the average flexural strength
at 28 days of curing is almost equal to that of C mix.

3 PB tests under CMOD control allow obtaining also
the fracture energy, which is computed as the area under
P–CMOD curve (Figure 16), and so measure the amount
of energy absorbed until the sample breaks into two
parts. In this case, recycled plastic aggregates provide sig-
nificant increases in fracture energy, as shown in
Figure 15b, where 30% and 95% higher values can be
observed for P13 and P20 with respect to control
(C) concrete, respectively. This happens thanks to the
ability of plastic grains to slow down the propagation of
micro-cracks, so obtaining concretes characterized by
greater displacement at failure and higher residual loads
in post-peak response (Figure 16).

To better analyze the post-cracking behavior, the resid-
ual flexural tensile strengths fR,i were evaluated for different
values of CMOD (CMOD1 = 0.5 mm, CMOD2 = 1.5 mm,
CMOD3 = 2.5 mm), according to Equation (3):

f R,i ¼Pi
3S

2bh2
ð3Þ

where Pi represents the load corresponding to CMODi.
The mean residual strengths fR,1, fR,2, fR,3, and the cor-

responding standard deviations are reported in Table 5.
For CMOD1 = 0.5 mm, P13 and P20 mixes show an
increase in the mean value of the residual strengths fR,1
equal to 41% and 168%, with respect to control (C). More-
over, while C mix at CMOD1 = 0.5 mm retains only 11%
of its flexural strength, P13 and P20 maintain 16% and
47% of their peak stresses, respectively. So, as can be
observed, concretes containing plastic are characterized
by greater ductility and toughness with respect to control.

When biochar is added to the concrete mix (BP13),
a reduction in flexural strength of about 20% with

FIGURE 12 Scheme of mechanisms offered by biochar particles in concrete with plastic grains: (a) biochar filler effect and

(b) tortuosity of micro-cracking due to biochar particles.

FIGURE 13 Average 28-days splitting tensile strength with the

corresponding standard deviation, for concrete mixes containing

recycled plastic grains (P13 and P20) and containing both biochar

and plastic grains (BP13), compared to reference concrete (C).

FIGURE 14 Experimental and theoretical (EC2) correlation

between splitting and compressive strength for concrete mixes

containing recycled plastic granules (P13 and P20) compared to

reference concrete (C).
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respect to the corresponding mix without biochar (P13),
can be recognized by analyzing Figure 15a. This can be
attributed to a not optimal dispersion of biochar in the
cement matrix and the formation of air voids in the ten-
sile plane, as well as to the low strength of biochar par-
ticles, as already highlighted for splitting strength.
However, the negative effect on flexural strength is
largely counterbalanced by the considerable increase in
fracture energy, whose value presents an increase of
about 120% with respect to P13 (Figure 15b). This effect
is due to the ability of biochar to modify the crack path
by increasing the tortuosity and reducing the tip sharp-
ness, so widening the fracture zone. Biochar particles
help to increase the toughness of concrete, by improving
the microstructure of the material, since they fill the
voids and behave as attractors for fracture, so modifying
the micro-crack trajectory and making it more tortuous
(Figure 12b). This effect makes the concrete able to
absorb more energy, especially during unstable fracture.

Biochar particles are characterized by a high surface
area and demonstrate great compatibility with the
cement matrix, as also highlighted by SEM analyses,
(Figure 9c). The abovementioned beneficial effects of
biochar particles on fracture are indeed known in the
literature,40,59,60 but become even more relevant with
the combined use of plastic aggregates. Biochar
improves the adhesion of the components in concrete: it
is able to fill the additional voids in the cement matrix
due to poor compatibility between the plastic grains and
the cement matrix, as well as to soak up the water not
absorbed by the plastic grains thanks to its high water
absorption capability (Figure 12a). The fracture energy
of BP13 is indeed 2.5 times greater than that of control
(C), which means an increase of about 150%. The
increase in residual strength at CMOD1 = 0.5 mm is
indeed 197% and 111%, with respect to C and P13 mix,
respectively.

5 | CONCLUSIONS

This work investigates the effects of the combined use
into concrete of two different waste materials, namely
recycled plastic grains and biochar, on mechanical

FIGURE 15 Average 28-days (a) flexural tensile strength and (b) fracture energy, with the corresponding standard deviation, for

concrete mixes containing recycled plastic grains (P13 and P20) and containing both biochar and plastic grains (BP13), compared to

reference concrete (c).

FIGURE 16 Average load P versus CMOD curves from three-

point bending tests of concretes containing recycled plastic grains

(P13 and P20) and containing both biochar and plastic grains

(BP13), compared to reference concrete (C).

TABLE 5 Average residual strengths fR,1, fR,2, fR,3, with the

corresponding standard deviations for concrete mixes containing

recycled plastic grains (P13 and P20) and containing both biochar

and plastic grains (BP13), compared to reference concrete (C).

Mix fR,1 (MPa) fR,2 (MPa) fR,3 (MPa)

C 0.331 ± 0.119 — —

P13 0.466 ± 0.067 0.119 ± 0.018 —

P20 0.887 ± 0.099 0.263 ± 0.028 0.131 ± 0.021

BP13 0.983 ± 0.215 0.313 ± 0.059 0.145 ± 0.015
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performance. The main findings of this work can be sum-
marized as follows:

1. Workability is strongly influenced by the use of plastic
waste and biochar. The substitution of 13% and 20%
by volume of aggregates with recycled plastic grains
allows reducing the amount of superplasticizer by 50%
and 62% respectively to obtain the same flowability as
the control batch. Since the effect of biochar addition
goes in the opposite direction, in the case of combined
use of biochar and plastic grains the required increase
of superplasticizer is limited (21%).

2. Density of concrete with natural aggregates partially
replaced with recycled plastic grains is reduced up to
about 15%; on the contrary, biochar addition has a
negligible influence on density.

3. Compressive strength of concrete with natural aggre-
gates partially replaced with recycled plastic grains is
strongly reduced due to the poor compatibility
between the plastic grains and the cement matrix. The
addition of 5% biochar (by weight of cement) helps to
reduce the negative effects of plastic on compressive
strength, thanks to the filler and water-absorbent
properties of biochar particles. Compressive strength
is reduced to 27%, 47%, for concrete with 13% and 20%
of aggregate replacement, respectively. This reduction
is limited to 13% for concrete with 13% of aggregate
replacement and 5% of biochar addition.

4. Tensile strength is less influenced than compressive
strength by biochar addition and by the replacement
of natural aggregates with recycled plastic grains.

5. Tensile post-cracking behavior determined through
notched beams subjected to three-point bending, is
positively influenced both by the presence of plastics
and biochar, resulting in enhanced ductility after
cracking onset. Thanks to the ability of plastic grains
to slow down the propagation of micro-cracks, frac-
ture energy is increased up to about 30%, 95%, for con-
crete with 13% and 20% of aggregate replacement,
respectively. This percentage is increased to 150% for
concrete with 13% of aggregate replacement and 5% of
biochar addition. In the same way, also residual
strength and ultimate displacement are increased.

The physical and mechanical properties obtained are
encouraging and open a path towards the recycling of
plastic waste combined with biochar for the development
of structural concretes to be used in the building indus-
try. The reduction of density and the beneficial effects on
the post-cracking stage offered by plastics and biochar,
suggest that this circular concrete can be suitable for sev-
eral in situ applications, especially in the design of those

elements for which weight reduction and ductility are
key factors.
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