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ABSTRACT

Environmental issues have led to using biomass wastes in making cement-bonded
construction materials to improve their thermal insulation, thus building energy-efficient
performance. However, the use of biomass in bio-concrete is a cause of concern from the
point of view of an accidental fire. Therefore, the present study aims to provide an overview of
the flammability of the wood bio-aggregates and bio-concretes using a Mass Loss Cone
Calorimeter, and the residual strength of bio-concretes after the cone calorimeter tests. For
the production of bio-concretes, volumetric fractions of 40%, 45%, and 50% of wood shavings
were used with a cementitious matrix composed of Portland cement and rice husk ash, and
fly ash. Cone Calorimeter tests were performed at a heat flux of 50 kW/m2. In addition,
compressive strength tests were carried out in burnt samples. The main results indicate that
the incorporation of an inorganic binder involving wood bio-aggregates inhibits ignition and the
variation of volumetric fraction of wood shavings in the bio-concrete mixtures did not change
the contribution of Heat Release Rate (HRR). After cone calorimeter tests, 29% and 15%
reduction in the mechanical capacity were observed for WBC40 and WBC45, respectively.
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INTRODUCTION

The technologies and building works developed by Civil Engineering bring positive impacts on
the quality of life by constructing buildings and infrastructure for the population, which attend
to the socioeconomic needs of humanity (LEE et al., 2017). However, for this, the industry
consumes a large portion of natural resources and thus contributes to environmental
degradation through pollution and high rates of greenhouse gases (GHGS) release (ZHANG;
WU; SHEN, 2015). Globally, this sector is responsible for the consumption of 60% of raw
materials (BRIBIAN; CAPILLA; USON, 2011), 40% of energy, 12% of water (SAID; BERGER,
2014), and up to 40% of GHG emissions (SON et al., 2011).

In this context, researchers and industries have joined efforts to make the construction field
less harmful to the environment through integrated techniques that address waste and
sustainability, ensuring that social and economic spheres are also contemplated (KHAN;
AHMAD; MAJAVA, 2021). On the other hand, the construction industry uses a large amount
of non-renewable natural resources that cause environmental degradation through their
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extraction and pollution (GOEL; GANESH; KAUR, 2019). One of the solutions to this problem
is to reuse plant and agricultural residues that previously did not have an adequate destination
and incorporate them into composite materials. These composites are capable of storing the
CO sequestered during plant growth (BUMANIS et al.,, 2023; DA GLORIA et al., 2021;
HERRERO; CAMAS; ULLAH, 2023; SONNIER et al., 2022).

Bio-concretes are composite materials whose final characteristics are, in general, linked to the
properties of their constituent materials. Generally, those cement composites contain bio-
aggregates bound by a cementitious matrix, water, and additives. Cementitious materials act
as binders, providing resistance and durability, while bio-aggregate provides lower density,
energy absorption capacity, and thermal acoustic insulation (MATOSKI, 2013). In Brazil, it is
estimated that the civil construction industry is responsible for using about 70% of the wood
extracted in the country, 54% of which is used raw as rafters and slats, 45% in agglomerates,
and 1% in doors, and windows (DOS SANTOS et al., 2014). Thus, due to the high amount of
products that need processing, a large amount of wood shavings is generated by carpentry
without proper disposal, which makes it possible to use them as bio-aggregates in
cementitious composites.

Some chemical components present in wood can negatively affect the performance of bio-
concrete, which can reflect on hydration, hardening, and mechanical properties (AMZIANE;
COLLET, 2017). Vaickelionis and Vaickelioniene (2006) state that extractives (resins, fatty
acids, terpenes, simple sugars, phenolic compounds) and hemicellulose are mainly
responsible for the negative effect on the hydration of bio-concrete, as they can be degraded
by the high alkalinity of the cement and release by-products that delay the hydration of the
cement. Beraldo et al. (2002) also state that the presence of sugars and extractives soluble in
water or alkali slows down the setting time of the cement. Quiroga et al. (2016) explain that
the presence of inhibitory substances promotes the formation of a membrane around the
anhydrous cement grains, which prevents the access of water to them and causes a reduction
in the cohesion of the material. Therefore, the bio-aggregates must be submitted to a previous
treatment to inhibit these effects and be applied to bio-concretes. One of the solutions found
is the treatment in an alkaline solution of calcium hydroxide, which proved to be a more
efficient method than the thermal treatment when analyzing the compressive strength of bio-
concrete produced with treated wood (AGUIAR et al., 2022).

Since bio-concrete is a composite that can contain large fractions of plant material in its
composition, its chemical composition content affects combustion properties (DOREZ et al.,
2014). Thus, it is necessary to know the fire reaction properties of these materials and classify
them based on fire safety standards. In the Euroclass system, building materials are divided
into seven classes based on their fire reaction properties (BUMANIS et al., 2023). The highest
class, the one with the greatest safety for fire retardant wood products, classified as A2, while
low-density fiberboard is assigned to class E. Meanwhile, most products containing natural
wood get European class D with known and stable fire performance (OSTMAN; MIKKOLA,
2006). In this regard, developing a composite that does not ignite and maintains its level of
mechanical performance is one of the challenges faced by bio-based materials
(GIANCASPRO; PAPAKONSTANTINOU; BALAGURU, 2009). Therefore, this study aims to
provide an overview of the flammability of bio-aggregates and wood bio-concretes using a
Mass Loss Cone Calorimeter, as well as the residual compressive strength of bio-concretes
after cone calorimeter tests.

MATERIALS AND METHODS

RAW MATERIALS

In this work, wood shavings (WS) were collected from the state of Rio de Janeiro (Brazil) as
residues, which contain a mix of four species: 1. Manilkara salzmanni, 2. Erisma uncinatum
warm, 3. Cedrela fissilis and 4. Hymenolobium petraeum. This material went through

2



processing to obtain the required characteristics for the production of bio-concrete. First, the
WS particles were separated through mechanical sieving, and only the fraction of nominal
diameter superior to 1.18 mm was used. After that, this material was treated in calcium
hydroxide solution at a concentration of 1.85 g/l (BEZERRA et al., 2023). Finally, the treated
material was air-dried and homogenized using the method of the elongated pile. The bulk
density, moisture content, and water absorption of the treated WS were 530 kg/m?2, 19%, and
70%, respectively. In Figure 1-a it is possible to observe the visual appearance of the wood
shavings, while in Figure 1-b it is possible to see the micrography of the bio-aggregates without
any treatment, and in Figure 1-c the deposition of calcium hydroxide in the particles of wood
shavings after alkaline treatment.
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Figure 1- Wood shavings used for the production of bio-concrete: a) Aspect of the bio-
aggregate, b) SEM of wood shavings in natural state, and ¢) SEM of wood shavings after
alkaline treatment

In addition to Portland cement Brazilian type CPIIF-40, fly ash and rice husk ash were used
as SCMs to reduce cement consumption and CO,. The chemical composition, determined by
X-ray Fluorescence Spectrometry, and the specific density, obtained by a helium gas
pycnometer, of these materials are presented in Table 1.

Table 1- Chemical composition and specific mass of cementitious materials.

Oxides Cement Fly ash Rice husk ash
SiO; 12.715% 54.434% 94.305%
Al203 3.496% 31.133% 0.000%
Fe203 4.451% 5.350% 0.072%
K20 0.596% 3.512% 2.470%
CaO 73.927% 1.815% 1.092%
SOs 4.013% 1.715% 1.483%
TiO> 0.000% 1.104% 0.000%
BaO 0.000% 0.553% 0.000%
Tmz03 0.000% 0.135% 0.000%
ZrO, 0.000% 0.087% 0.000%
MnO 0.094% 0.056% 0.545%
ZnO 0.029% 0.040% 0.000%

SrO 0.348% 0.024% 0.000%
Y203 0.000% 0.014% 0.000%
CuO 0.028% 0.000% 0.017%
LOI* 9.78% 1.66% 5.19%
Specific Mass 3053 kg/m3 1885 kg/m? 2510 kg/m?

*Loss on ignition




WOOD BIO-CONCRETE

Three volumetric fractions of WS (40%, 45%, and 50%) was adopted for the production of
wood bio-concretes (WBC). The cement matrix was composed, in mass, of 45% of cement
(CEM), 25% of rice husk ash (RHA) and 30% of fly ash (FA). As a setting accelerator, calcium
chloride (CC) was used in the content of 2% in relation to the mass of cementitious materials
of each mixture. The water-to-binder ratio was set at 0.30 for all blends. In addition to cement
hydration water (Wh), a compensation water (Wc), referring to the water absorbed by the wood
bio-aggregates, was considered to ensure good workability of the bio-concretes. Therefore,
total water (Wt) is the sum of hydration water and compensation water. These percentages of
materials were based on previous works (ARAUJO et al., 2022; DA SILVA et al., 2023). Table
2 presents the consumption of materials of all blends studied, in kg/m?.

Table 2- Wood bio-concretes composition, in kg/m*

WBC WS CEM FA RHA CC Wh Wc
WBC40 212.00 375.82 250.55 208.79 16.70 250.55 148.40
WBC45 238.50 344.50 229.67 191.39 15.31 229.67 166.95
WBC50 265.00 313.18 208.79 173.99 13.92 208.79 185.50

Production process of bio-concretes followed adaptations of the Brazilian Standard ABNT
NBR 16697 (2018). The procedure began with mixing the wood shavings and cementitious
materials for 1 minute. After that, total water, previously mixed with calcium chloride, was
added progressively over 1 minute. A total mixing time of 4 minutes was necessary to obtain
a homogenous bio-concrete. The samples were cast in two layers in prismatic molds of 100 x
100 x 25 mm (length x width x thickness) and each layer was mechanically vibrated on a
vibration table (68 Hz) for 10 seconds. After 24 hours, the samples were demolded and stored
in a room at a temperature of 22+3°C and relative humidity of 55+ 5% until reaching 28 days
of age. Figure 2 shows the wood bio-concrete samples before the fire reaction tests.

a b) c
Figure 2- Samples of WBCs before heat flux: a) WBC40, b) WBC45, al)’ld c) WBC50

CONE CALORIMETER TESTS

A Mass Loss Cone Calorimeter (MLCC), model FTT-0014/2012 (Figure 3), was used to
perform reaction to fire tests on wood bio-aggregates and wood bio-concretes. The wood bio-
aggregates were tested in natural conditions (NW) and treated in (Ca(OH),) conditions (TW)
and the bio-concretes with the volumetric fractions of biomass previously indicated: 40%
(WBC40), 45% (WBC45), and 50% (WBC50). A heat flux of 50 kW/m? was chosen because
it represents a heat flux of a developed fire. Nowadays, this equipment operates the most
advanced method to evaluate the reaction to fire properties of a material on a reduced scale.
Six samples of each type were tested. All faces of the samples, except for the top face, were



wrapped with aluminum foil. The specimens were exposed to the heat flux under the cone
located at 25 mm from the sample surface to begin the test.

Mass Loss Cone Calorimeter

Conical heater

Sample holder

Figure 3- General scheme of the Mass Loss Cone Calorimeter

The test procedure was performed according to the standards ISO 17554 (2014) and ISO
13927 (2005). In all tests, the samples were examined in horizontal position up to 2 minutes
after the flame ceases, or up to 10 minutes if the sample does not ignite. During the test, the
following reaction to fire properties were determined: heat release rate (HRR), peak of HRR
(PHRR), medium value of HRR (MHRR), total heat released (THR), total mass loss (TML),
effective heat of combustion (EHC), maximum temperature reached (MTR), time to ignition
(TTI), and time to flame out (TTF).

COMPRESSIVE STRENGTH

The bio-concrete compression tests were performed on 6 specimens of each mix. In order to
evaluate the residual strength of wood bio-concrete, samples were tested before and after
cone calorimeter tests. For this, a Bionix— 25 kN was used with a displacement speed of 0.3
mm/min. The samples, after being subjected to the fire reaction tests, were cut in smaller
samples with dimensions of 25 x 25 x 50 mm (length x width x height). The mass and
dimensions were measured to verify variation in their density after cone calorimeter tests.

RESULTS AND DISCUSSION

ANOVA analysis of all data indicated that all reported in this study, where found to fall within
the 95% confidence interval band for having a normal distribution and one analysed by the
Tukey Test method to identify significant difference between the variables.

REACTION TO FIRE

The main results of the reaction to fire properties are presented in Table 3. In addition, data of
thickness and density of the samples were provided. The coefficient of variation is shown in

parentheses.

Table 3- Combustion properties of wood bio-aggregates and wood bio-concretes.

NW TW WBC40 WBC45 WBC50
1 Thickness (mm) 25 25 25.5 (3.83) 25.1 (0.56) 24.5 (1.86)
2 Density (kg/md) - - 1353.5 (1.20) 13225 (3.22) | 1090.6 (2.11)
3 PHRR (kW/m?) | 93.99 (7.01) | 83.74 (11.19) 13.25 (15.97) 13.07 (9.74) 14.32 (5.54)
4 MHRR (kW/m?) | 65.34(7.51) | 57.07 (13.10) 9.64 (18.66) 9.51 (11.46) 11.41 (6.21)




5 THR (MJ/m?) 22.3(7.37) 18.6 (13.56) 6.3 (15.08) 5.8 (11.29) 6.9 (5.89)
6 TML (%) 84.14 (4.14) 77.48 (3.71) 11.72 (7.85) 11.73 (5.91) 13.42 (3.89)
7 EHC (MJ/kg) 7.88 (2.98) 7.49 (13.79) 1.57 (18.87) 1.48 (10.65) 1.93 (6.05)
8 MTR (°C) 777 (1.10) 765 (0.28) 477 (2.69) 475 (1.75) 483 (0.77)
9 TTI(s) 21 (14.20) 15 (31.10) -
10 TTF (s) 362 (4.04) 348 (9.92) -

The heat release rate (HRR) was defined as the heat release per unit area evaluated under a
constant heat flux, using Eq. (1).

ng _XOZ (t)

ey = OO _
q” () = A A 1,105-1.5 Xo, (t) (1)
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Where g is the HRR (kW/m2); q(t) is the heat released (kW); A is the area initially exposed

in horizontal orientation (m2) before the test, andAhc is the net heat of combustion (kJ/kg). In
fire reaction studies, the heat release rate is the most important parameter considered,
required in zone and field models, as it concerns the fire control characteristics and indicates
the contribution to the fire development. Figure 4 shows the heat release rate curves
measured in samples of wood shavings in their natural state (Figure 4-a) and after alkaline
treatment (Figure 4-b). Because of concerns about incorporating plant residues in the
production of concrete due to the incompatibility between bio-aggregates and the cementitious
matrix (SUN; TOMPKINSON, 2003), the use of methods that reduce the percentage of
extractives present in the biomass, which are mainly responsible for delaying cement
hydration (BERALDO et al., 2002; DELANNOQY et al., 2020), has become an interesting and
widely technique for the viability of bio-concrete production (DAYO et al., 2018; DELANNOY
et al.,, 2020; SUN; TOMPKINSON, 2003; ZEGAOUI et al., 2018). In wood bio-concrete,
extractives can affect mechanical properties, density and moisture content (BODIG; JAYNE,
1982). In the fire reaction properties, a reduction of approximately 11% on the heat release
rate was observed between natural and treated bio-aggregates. It occurs because the alkaline
treatment removes the extractives from wood shavings, which are the components that
release the most heat during burning (DIETENBERGER; HASBURGH, 2016), with their
content reduced the biomass will release less heat.
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Figure 4- Variation of heat release rate over time: a) NW, and b) TW

In all curves presented in Figure 4, it was observed that the rate of heat release increased
suddenly when the specimen was ignited and then dropped after the material was degraded
by heat. For studies carried out in wood using Cone Calorimeter, the presence of two peaks
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in the curves is commonly reported in the literature (CHUNG, 2010; KIM; LEE; KIM, 2012;
LEE et al., 2011). However, when it comes to particulate material, oxygen levels are higher
inside the sample than solid materials. Therefore, the heat can spread faster and maximize
the damage caused by fire, reducing the ignition time. The initial peak is mainly caused by
ignition followed by the formation of the carbonization layer that occurs in the first seconds of
tests. After the occurrence of the first peak, the rate of heat release tends to decrease. When
the fire reaction behavior of wood samples in their natural state is evaluated, the samples are
not completely burned since a charred layer that forms on the surface of the sample
contributes to increasing the residual capacity of the member protecting the interior of the
section (XU et al., 2015). As the wood shavings are in particulate format, this protection is
minimized and the material is easily degraded, having a lower fire resistance than if evaluated
in a solid format.

Figure 5 shows, respectively, the HRR curves over time for the bio-concretes produced with
40, 45, and 50% of bio-aggregates (Figure 5-a, 5-b, 5-c). However, even with different
fractions of plant biomass, the variables did not show different statistical behavior among
themselves. Two phases are observed in the presented curves. The first release of heat
occurs in a more accentuated way, which is caused by the burning of the wood shavings that
are on the surface of the sample. The second phase occurs around 300 seconds after starting
the test, where there was a stabilization in the heat release rates of the samples that remain
practically constant until the end of the test. Table 3, line 3 presents the PHRR values for all
variables. The NW samples presented a value of 93.99 kW/m?, while the TW samples
presented a value of 83.74 kW/mz, i.e. about 11% lower than the natural samples. Thus, the
removal of extractives from biomasses caused by the alkaline treatment resulted in a reduction
in the PHRR values of bio-concretes. When comparing the different bio-concretes, data are
not discrepant. For the average values of MHRR (Table 3, line 4), comparing WBC40 with
WBCH50 it is possible to notice that there was an increase in this property of 18% with the
increase of the biomass content. However, all bio-concretes maintain low heat release and no
ignition.
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Figure 5- Variation of heat release rate over time: a) WBC40, b) WBC45, and ¢) WBC50

THR refers to the total heat of combustion released by the material during the test. The higher
the value of THR, the greater the potential of thermal energy available for the combustion of
the material to occur. In Table 3, line 5 the THR values are presented. When comparing bio-
concrete with wood particles, it is possible to verify that the cementitious matrix acts on the
bio-aggregates as an insulator for the propagation of heat. It provides for the material, in
addition to becoming incombustible, decreasing the heat released under the fire conditions.



The total mass loss (Table 3, line 6) corresponds to the variation in the mass of the sample
during the entire firing process, which is calculated using five-point numerical differentiation
equations in cone calorimeter tests (ISO 17554:2014). It changes depending on material
properties such as the level of pyrolysis, volatilization, and burning under constant heat flux.
In addition to being directly related to the HRR, TML is also associated with specific
extinguishing area and CO; produced during burning. A material that has a lower mass loss
rate is indicative of a lower susceptibility for flame propagation. Figure 6-a shows the evolution
of the mass loss rate over time for all variables studied and it was highlighted in the final 40
seconds of the evaluated bio-concrete samples.
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Figure 6- Reaction to fire properties: a) total mass loss over time, and b) total heat release
and effective heat of combustion

The cementitious matrix behaved as a thermal insulator for the wood bio-aggregates, making
the heat transfer more difficult and turning the composite into an incombustible material. In
Figure 6-a, it is possible to observe that the bio-concretes had a small mass loss and the
average values presented in Table 3, line 6 did not show discrepancy for the bio-concretes
produced with volumetric fractions of 40% and 45%. For WBC50, there was an increase of
14% in TML compare to WBC40 and WBCA45 due to the higher content of wood shavings and
higher porosity in the matrix. Thus, despite the difference of 10% in the biomass content, the
results for these properties did not vary significantly.

Average chemical heat of combustion, determined in the MLCC, is defined as the effective
heat of combustion (EHC) (TEWARSON, 2002). This parameter corresponds to what would
be expected in a fire where incomplete combustion occurs, when a material is not completely
burned. EHC is a parameter that depends directly on the level of irradiance and time that
corresponds to the heat released from the volatile portion during the combustion of the
material, which can be calculated using Eq. (2) (JIANG; LI; GAO, 2015). Where MLR is the
mass loss rate.

EHC = IRR
MLR

)

Table 3, line 7 presents the mean EHC values found in this study for pilotless ignition
conditions. It is possible to notice that the EHC values did not show significant differences for
the three studied bio-concretes (See Figure 6-b). Hull et al. (2008) mentioned that the EHC is
influenced by fire dynamics and combustion efficiency. For the NW and TW samples, which
presented ignition, there was a variation in the EHC values up to 80% when compared to the
bio-concretes.

WBC40, WBC45 and WBC50 did not present significant variation in EHC values (1.48 — 1.93
MJ/kg) due to the fact that they did not present ignition and released low heat, the peak value
is very close to the average value. On the other hand, the samples of wood shavings,
presented a very pronounced HRR peak, and, therefore, higher values of EHC (7.88 MJ/kg
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for NW and 7.49 MJ/kg for TW). Ignition time is the time required to establish a sustained
flame on the sample surface. This is an important parameter to evaluate the combustion
behaviour of materials, since the shorter the ignition time, the more flammable the material. In
Table 3, line 9, the ignition time of the NW was 21 seconds and TW samples was 15 seconds
(28% lower than NW). For the bio-concretes, there was no ignition.

RESIDUAL COMPRESSIVE STRENGTH

Figure 7 shows the average values of residual compressive strength of the studied
bio-concretes. Since conventional concrete is a non-combustible material, little
attention is paid to its reaction to fire properties. On the other hand, when exposed to
heat, the material suffers a degradation and loss of its mechanical properties that
affect its compressive and tensile strength, as well as its modulus of elasticity. This
occurs because of chemical-physical processes that the material undergoes due to
the high temperatures that induce widespread cracking and damage to the matrix and
aggregates (ROSSINO et al., 2013, 2015).

Fire spalling phenomenon, occurs when there is a sudden detachment of layers or
pieces of concrete from the surface of the element when exposed to extreme
temperatures in fire situations. When this phenomenon occurs, depending on its
magnitude, a significant decrease in the geometry of the cross-section can occur,
exposing the reinforcement directly to flames, compromising the structural load
capacity (ROSSINO et al., 2015). The literature reports two physical mechanisms that
are associated with fire spalling: (i) the increase in pore pressure due to water
vaporization (a thermo-hygro mechanism) and (ii) the introduction of thermal stresses
due to high-temperature gradients (a thermo-mechanical mechanism) (BAZANT,
1997; KALIFA; MENNETEAU; QUENARD, 2000). For bio-concrete, as it may have a
high content of bio-aggregates, thermal degradation of the biomass occurs, leading to
a weakening of the composite.

The shrinkage suffered by the cementitious matrix and the carbonization of the vegetal
biomass caused the decrease in bio-concrete density, which damaged its
microstructure and, therefore, decreased its mechanical performance. As a composite
material, when exposed to fire conditions and high temperatures, the bio-aggregate
loses mass faster than the cementitious matrix, causing damage in the interface
between them. Another point concerns the porosity present in the particles and their
internal moisture content. When heated, water is easily eliminated in the form of vapor,
which causes damage to the matrix. From Figure 7-a, a decrease of around 29% and
15% for WBC40 and WBC45, respectively after the cone calorimeter test, indicate a
weakening of the bio-aggregate/cementitious matrix interface. For WBC50, which has
a less resistant matrix, even without the action of the heat flux, the surface burning
effect did not affect this mechanical property due to the high porosity that enable the
release of heat from the sample, reducing damage caused at the interface due to heat
buildup. Aguiar et al. (2022) showed that increasing the biomass content improves
the thermal stability of wood bio-concrete.
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Figure 7- Post MLCC analysis of wood bio-concretes: a) residual compression, and b)
density variation

According to the Analysis of Variance statistical tool (ANOVA) and the Tukey test performed,
there is a significant difference for the residual compression test when comparing the WBC40
results before and after exposure to fire conditions. The WBC45 and WBC50 samples showed
no significant difference. When analysing the density of the materials, the shrinkage caused
by the heat flux was proportional to the mass loss and therefore the samples did not present
statistically significant differences.

CONCLUSIONS

This paper investigated the fire behaviour of bio-concrete produced with volumetric fractions
of 40, 45, and 50% of wood shavings in a Mass Loss Cone Calorimeter and its post-fire
residual compressive strength. Parameters such as time to ignition (TTI), Heat Release Rate
(HRR), peak of HRR (PHRR), medium value of HRR (MHRR), total heat released (THR), total
mass loss (TML), and effective heat of combustion (EHC) were studied and the following
conclusions can be addressed:

. Alkaline treatment, contributed positively to the reduction of PHRR, MHRR, THR, and
TML, despite not being indicated as a technigue to improve fire reaction parameters. However,
due to the high variability found in materials of plant origin and the non-applicability separately
of wood shavings, effects of treatment in the reaction to fire properties becomes secondary;

. All analyzed bio-concretes presented a firing process in two stages. The first results
from an increased release of heat by burning the bio-aggregate located in the samples
surface, and the second by a smaller release of heat from the matrix cement;

. The paste of cementitious materials behaved as an insulating material promoting
incombustibility to the composite since no bio-concrete ignited;

. The difference of 10% of bio-aggregate (WBC40 — WBC50) was not enough to bring
significant differences in the fire reaction properties of the bio-concretes;

. The conditions similar to a fire caused a reduction of the mechanical capacity of the
bio-concretes and a decrease in density for the WBC40 while statistically this behaviour was
not significant for the WBC45 and WBC50.
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