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ABSTRACT

The feasibility of a sustainable non-autoclaved cellular concrete, based on flax vegetable co-products, for the pro-
duction of usable specimen in the lightweight construction field, has been investigated experimentally. The pro-
duced specimen, containing various volume ratios of flax particles with respect to preformulatd Tradical PF70
lime binder of 0, 1, and 2, were lightened by creating a porous structure in the matrix through the addition of
0.3% wt. Aluminium powder (able to react with calcium hydroxide from the binder and result in microscopic
air-bubbles). Fresh and hardened specimen properties, including hydration, fresh density, porosity, hardened den-
sity, compressive and flexural strengths, toughness energy, and dry thermal conductivity at different temperatures,
were assessed for varying flax-to-binder ratios. Results have shown that the addition of Aluminum powder leads
to restrain the setting time delay of binder-based lime. Moreover, the hardened material displays a significant
decrease in specimen density, thereby resulting in a compressive strength level compatible with that required
in the cellular construction materials sector. Results also highlighted the ability of added flax to induce a change
in the specimen from brittle to ductile behavior. Moreover, a high degree of thermal insulation can be achieved,
which makes the cellular specimen based on flax particle suitable as insulated-bearing walls material.
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1 Introduction

Innovative building solutions for conserving non-renewable resources and to solve the problems related
to environmental issues have motivated extensive research-works to develop eco-friendly sustainable
building materials-based easily renewable natural raw material resources. In this context, a growing
interest has been addressed on the addition of aggregates and fibers derived from vegetable materials into
specimen called “green” concretes for eco-friendly constructions that meet the new requirements of users
in terms of environmental concerns and comfort. In addition to its sustainable credentials, the use of
vegetable materials exhibits a set of important advantages, such as wide availability at low cost,
renewability, biodegradability, and low carbon footprint [1,2]. To promote specimen-based vegetable
material in construction field, various types of vegetable species including flax, hemp, bamboo, coconut,
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palm, kenaf, sisal, etc., were used to replace mineral aggregates and synthetic fibers in composite-mix to
enhance specific characteristics of reinforced specimen and given rise to several applications [3—8]. The
results have shown the efficiency of vegetable materials addition on the characteristics of reinforced
composite specimen such as interesting physico-mechanical and thermo-hygric properties, reduction in
the thermo-acoustic transfer, low density, and healthy living solutions.

In France, among a wide variety of vegetable sources, a great importance was accorded to hemp particles
for their applications in construction sector. Considering as by-products derived from industrial hemp sector,
these materials are becoming the subject of a major focus of the green housing sector because of their energy-
efficient impact, and because hemp-based composites offer a high quality living environment. According to
the works reported in the literature, several studies evidenced the benefits of concrete-based hemp particles as
non-structural construction material, where the effect of different parameters like particle size, hydraulic and
organic binder types, and casting process have been studied [9-15]. The results have promoted several
potential applications of sample due to interesting properties such as a low density, high acoustic and
thermal insulation performances, fire resistance, and higher hygro-thermal characteristics. In addition, the
concrete-based hemp particles offers a healthy and high quality living environment, evidenced by the
vegetable material capability to regulate indoor humidity of building by releasing and absorbing humidity
[16-18]. In the same way, composite samples-based other vegetable-materials such as straw bales,
rapeseed straw, corn stalk, jute straw, Diss, and rice husks mixed with different binder types have found
to be energy efficient materials and provide concrete with high insulation properties [19-22]. Although
the mentioned advantages of construction specimens-based vegetable particles, as regards energy saving
and hygro-thermal performances, their use in hydraulic binder is limited by their low durability in
alkaline environment, which results in their deterioration under mineralization and alkaline attacks
mechanisms [23-25]. In addition the chemical compatibility between vegetable material and hydraulic
binder is a still problem for specimen development, while the contained dissolved components composed
by lignin, hemicellulose, terpenes, sugars, etc., inhibit binder hydration. It results in setting time delay
which negatively affects the hardening of the specimen thus reducing its mechanical strengths
development [26]. Therefore, the viability of using vegetable materials depends on their appropriate
physical and/or chemical treatment [27,28].

Although the demand of vegetable materials is growing worldwide, the specimen-based these plants
need further research. In this context, other alternative solution is to produce new cellular specimen-based
flax materials usable in lightweight concrete construction. Depending to the production process, cellular
concrete could reach a density range from 300 to 1,800 kg/m’, compared to the traditional concrete
which exhibits a density-value of approximately 2,300 kg/m>. A further innovative strategy is the
lightened of the specimen by creating a porous structure in the matrix. According to the researches down,
these materials remain relatively unexplored. The main focuses of this study is to investigate the
potentialities of use flax particles in preformulated Tradical PF70 hydraulic binder, in the objective to
provide usable specimen in lightweight cellular material applications. The specimen was produced using
Aluminum which reacts with calcium hydroxide to form air-bubbles in the matrix. The effect of flax
particles to binder volume ratio varied from 0 (Control Specimen) to 2 on the fresh and hardened
properties of cellular specimen was examined.

2 Materials and Experimental-Tests

2.1 Flax Particles

The vegetable particles used in this study are obtained from waste by-products materials, derived from textile
linen industry textile and supplied by “La Calira”, in the Northern Region of France. Resulting from fibers
stripping process and recovered within the dust extractor (exhauster hoods) these materials are composed of
flax particles, steam fragments, and wood shaves, while the corresponding shape is shown in Fig. 1a. The
gradation curve of flax products is reported in Fig. 1b, while the particles are less than 2 mm in size.
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Figure 1: Shape and particle size distribution of flax particles

Several properties of flax particles including bulk and absolute densities, porosity and water absorption
are analysed. The measurement of the bulk density of flax particles was determined by filling recipient of
1 Liter and weighing. The corresponding absolute density was evaluated by using the protocol described
in the literature [22]. After milling in powder form, the particles were immersed in cyclohexane, while
the measurement of its absolute density was carried out after reaching a constant volume of cyclohexane
in the pycnometer, according to Eq. (1).

Mpic — (Mc/pc)

where: pc (kg/m’) represents the density of cyclohexane, My, My, ¢ and Mc (g) are the masses of hemp,
pycnometer (cyclohexane + hemp), and cyclohexane, respectively.

Pabs (1)

The total porosity of used flax particles was determined as regards the obtained absolute and bulk
density-values, according to Eq. (2) [29].

o= (1 —M).loo )

Pabs

The water absorption amount was evaluated by total immersion of particles in water, after being dried
the particles in a dry oven at 70°C before their immersion in tap water. After reaching a constant mass, the
water absorption was determined considering the dry and total saturated masses of particles. The properties
of flax particles are summarised in Table 1, where the reported-values are the average test-results of three
replications.

Table 1: Properties of flax particles

Bulk density (kg/m?) Absolute density (kg/m?) Porosity (%) Water absorption (%)
100 £ 10 1,054 + 50 90.5+12 280 + 25

2.2 Preformulated Lime Binder-Based Tradical PF70

The preformulated lime binder used in this study, called “Tradical PF70” is supplied by “LHoist”
industry, of the Northern Region of France [30]. It composed of 75% air lime, 10% hydraulic lime, and
15% of pozzolan mixture, where the binder is already used to produce hemp concrete.
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The use of this binder has several advantages that are related to its hydrophobic nature which acts as
protective barrier for included vegetable particles when specimen exposed to hygroscopic environment.
The properties of Tradical PF70 binder are reported in Table 2.

Table 2: Properties of tradical PF70 based-binder [30]

Bulk density Soluble silica CO, content Adjuvants Water retention Maximum grading
(kg/m®) (%) (%) (%) (%) size (mm)
720 + 20 10+2 8+1 05+0.02 75+6 0.09

2.3 Mixing Procedure

Constituent materials mixes included air-lime based Tradical PF70 binder, Aluminum powder at
0.3% wt of binder, with 325 mesh in size and 99% purity, and flax particles to binder volume ratio of 0
(Control Specimen), 1 and 2. The interaction occurred between Aluminum powder and Calcium
Hydroxide of lime binder produces hydrogen gas in the binder, and thus creates microscopic air bubbles
in the matrix, according the chemical reaction mechanism:

2Al + 3Ca(OH), + 6H,O — 3CaO - ALO;-6H,O + 3H,
Aluminum powder + Calcium Hydroxide Tricalcium Hydrate 4+ Hydrogen

The specimen preparation was carried out by initially mixing Tradical PF70 binder and Aluminum
powder in a mixer. After adding water, the required amount of flax particles was dispersed with slow
increment throughout the fresh binder, to avoid a balling effect of vegetable particles. The obtained
fresh specimen was then mixed for an additional two minutes at medium speed. After casting in the
molds on a vibrating table, the fresh specimens were moist-cured for 28 days at 20 + 2°C and 98%
relative humidity. For hardened properties characterisation, prismatic, cylindrical, and parallelepiped
samples of (40 x 40 x 160 mm), (110 x 220 mm), and (250 x 250 x 60 mm) in sizes were prepared for
flexural and compressive tests, and thermal conductivity measurement, respectively. However, the
expanded volume of fresh specimen that occurred after 20 min of casting due to the Aluminum powder
and calcium hydroxide chemical reaction is shown in Fig. 2. The corresponding composition-mixes and
designations of samples are summarized in Table 3.

e SE LT | Expanded part of fresh

specimen due to Aluminum
reaction

Figure 2: Shape of expanded fresh specimens
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2.4 Experimental Testing

As mentioned previously, the suggested testing program focused on fresh and hardened properties of
specimens. Given the chemical interaction issues reported in several research-works when using vegetable
materials in hydraulic binders which usually results in delaying of setting time and hardening of
specimen, it becomes necessary to examine the inhibitory effect exerted by flax particles on Tradical
PF70 binder hydration after adding Aluminum powder. This step can be quantified through hydration-test
of flax-binder mixture which leads to evaluate the inhibitory effect exerted by vegetable particles by
examining the times of initial and final hydration reaction, maximum temperature reached during
hydration, and the hydration rate. The test was conducted according to the procedure described by
Moslemi et al. [31], where the experimental set-up and the schematic diagram of typical hydration curve
are shown in Figs. 3a and 3b, respectively.

Table 3: Composition-mix and ID of reinforced specimens

Specimen-ID Tradical PF70 Flax particles Aluminum/Binder Water/Binder
binder (kg/m®) (kg/m?) ratio (%) (by mass) ratio (by mass)

CCOF* 528 0 0.3 0.50

(Control Specimen)

CCIF® 287 39.85 0.3 0.65

CC2F°¢ 199 55.34 0.3 0.80

Notes: *Cellular concrete without flax; ™ °Cellular concrete with 1 and 2 volume ratios of flax, respectively.
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Figure 3: Hydration-test. (a): Hydration test set-up; (b): Schematic diagram of typical hydration curve [32]
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The test was conducted by using 2 volumes of flax particles and 1 volume of binder-Aluminum-water
mixture. After casting the fresh mixture in a specified mold, a thermocouple which serves to record the
hydration temperature was inserted. After the mold being placed in a sealed flask, the hydration
temperature was recorded along the time using a data acquisition system. To assess the effect of
Aluminum, the specimen without Aluminum powder was also tested. The chemical compatibility level
can be quantified by means the inhibitory index parameter /7 (%), using Eq. (3) [31,32].

(%) = (T_TT/)(”;t) (S;S/>.100 3)

where: T, T’ (°C) are the maximum hydration temperatures of neat binder and the specimen-mix,
respectively; z, ¢ (h) are the correspondent times to reach maximum temperatures, and S, S’ (°C/h) are the
maximum slopes of temperature-time curves for neat binder and specimen-mix, respectively.

However, the grade of inhibitory effect exerted by flax particles on binder hydration reaction is
quantified through the Inhibitory index-value / (%). Table 4 reports the grade of inhibitory effect the
smaller the /-value the higher the compatibility between binder and flax particles.

Table 4: Grade classification of inhibitory effect [32]

Inhibitory index I (%) Inhibitory grade
I1<10 Low inhibition
10<1<50 Moderate inhibition
50<1<100 High inhibition
1>100 Extreme inhibition

The fresh density of specimen, with different flax volume ratios, was measured after mixing procedure
by filling container of 1 liter in volume. After the fresh specimen had reached a maximum volume increase
corresponding to a duration time of 30 min, the expanded part was cut before weighing the sample.

After 28-day of curing time, physical properties of specimens containing different volumes of flax
particles, including density, as measured by means weighting and dimensional measurements of
cylindrical specimens with (110 x 220 mm) in sizes, and open porosity using Vacuum saturation protocol
in accordance with Standard ASTM C20-00 [33], were investigated on (40 x 40 x 80 mm) prismatic
sample. Before testing, all specimens were prepared by cutting the expanded part using circular saw with
respect the initial molds dimensions as shown in Fig. 4a. The corresponding open porosity was calculated
following Eq. (4):

Msat - Mdry

=100 ———— 4
(bP Msat - Mhyd ( )

where: @p (%) is the open porosity; M., M,, and M;,; (kg) are the dry mass, saturated mass, and
hydrostatic mass of the specimen, respectively.
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Figure 4: Specimen preparation before testing

The mechanical behavior was assessed through compressive and flexural-tests. The compressive-tests
were performed on cylindrical samples measuring 110 X 220 mm in sizes, according to the European
Standard EN 196-1 [34], using TINUS OLSEN H50KS electromechanical machine, with 50 kN in a
maximum load capacity. Before testing, the lower and upper surfaces of each cylindrical specimen were
leveled to ensure the high surfaces flatness (Fig. 4b). The tests were conducted under 4 mm/min in
displacement control using two linear variable displacement transducers (Fig. 5a). For each composition-
mix, three specimens are tested, while the average-value was reported. The average stress-strain diagram
for all specimens was used to evaluate several derived parameters including compressive strength,
ultimate strain, and the elastic modulus. The derived stress-strain values were determined according to
Egs. (5) and (6), while the elastic modulus was determined as the initial slope of the linear part of the
stress-strain curve.

Figure 5: Mechanical-test machines. (a): Compressive-test; (b): Flexural-test
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Fmax
0 =— ©)
A
. 7’ (6)

where: 6, (MPa) is the compressive strength, F,,.. (N) is the maximum load at failure, 4 (mm?) is the cross
section of specimen, € (mm/m) is the strain, A/ (mm) is the displacement, and / (m) the initial length of
specimen.

The flexural-tests were performed on (40 x 40 x 160 mm) prismatic samples, using the same testing
machine, according to the same standards EN 196-1 [34]. The tests were conducted with 1.2 mm/min of
control deflection and of 120 mm in a span-value (Fig. 5b). The derived parameters including flexural
strength, ultimate deflection, flexural elastic modulus, were evaluated through the average load-deflection
curve of three tests for each composition-mix, according to Egs. (7) and (8).

3FL

T 2ba 2
k.L?

5= 5o ®

where: o,(MPa) is the bending stress; F»(N) is the maximum load; L, b and d (mm) are the span of specimen
in three-point bending-test, the thickness, and the average width, respectively; E, (MPa) is the flexural
modulus, & (N/mm) is the elastic stiffness of specimen, corresponding to the slope of the linear portion of
load-deflection curve.

The change in failure mode of specimen with respect to flax amount was examined by evaluating the
flexural toughness energy under loading. This parameter was estimated by evaluating the area under
load—deflection diagram response up to post-cracking phase [35].

The thermal conductivity of samples was measured in dry state by using the Guarded Hot Plate method
(GHP), according to the European Standard EN-12667 [36]. This method is considered as the most suitable
due to its ability to measure thermal conductivity in a wide range from 0.02 to 5 W/m.K. The tests were
performed using parallepipedic specimens with 250 x 250 x 50 mm in dimensions, which is placed
between cooling plate and the heater plate. Passive protection zone surrounds the heat flow meter to
prevent, as far as possible, lateral heat transfer. To perform the measurements at different temperatures,
the temperatures of hot and cold plates are selected to obtain average temperature measurements of 10,
20, 30 and 40°C. The temperature gradient of the values through the sample is kept constant at 10°C
during the tests. The device was equipped with thermocouple sensors and heat fluxmeter that are
connected to the acquisition system which allows to record the temperatures and the dissipated heat. The
(GHP) device and the sample preparation procedure are shown in Fig. 6.
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Sample
disposition

1: Sample ;
2: Insulation material (Guarding section) ;
3: Hot plate ;
4: Cold plate.

Figure 6: Guarded hot plate device (Taurus TLP 500) [36]

3 Experimental Results and Discussion
3.1 Fresh Sample-Properties

3.1.1 Chemical Compatibility

The inhibitory effect of flax particles on the binder hydration reaction, with and without Aluminum addition
was assessed through recording of the variation in the hydration temperature of fresh specimen-mix along time,
compared to that obtained for neat binder. The corresponding temperature-time curves are shown in Figs. 7 and 8,
respectively, while the different parameters of binder hydration reaction are listed in Table 5. Results have shown
that the addition of vegetable particles without Aluminum clearly inhibits binder hydration, as regards the
decrease in maximum hydration temperature, with a longer time to reach a maximum temperature, as
compared to the neat binder case. Table 5 shows that the maximum hydration temperature attained during
hydration reaction mechanism decreased from 27.5°C to 24.3°C, while retarding the corresponding hydration
time by 24 h. However, the addition of fax particles also results in increase of the initial hydration time from
1 h to 10.5 h, thus disturbs the hydration mechanism of binder. These results clearly show that the vegetable
materials exerted an inhibitory effect on binder hardening, with a corresponding inhibitory index-value (/) of
15.5%, which classifies the effect as “Moderate” inhibition grade. According to several research-works, this
incompatibility is attributed to the alkalis and dissolved components that inhibit specimen hardening [37,38].
The inhibition mechanism of hydraulic binder occurs when the calcium silicate hydrate nucleation sites on the
originally positively charged surfaces are poisoned by the alkali inhibiter extractives including sugar acid
anions, lignin, hemicellulose, etc., naturally contained in the vegetable materials.
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Figure 7:

Effect of flax addition on temperature-time hydration curve of specimen without Aluminum powder
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Figure 8:

Effect of flax addition on temperature-time hydration curve of specimen with Aluminum powder

Table 5: Parameter-values of hydration-tests

Hydration parameters

Specimen

Neat  Binder with  CCOF (Cellular specimen CC2F (Cellular specimen
binder 2 vol. flax with Aluminium) with Aluminium)

Initial hydration time (h) 1 10.5 0.3 1.05

Max. hydration 27.5 243 34 33

temperature (°C)

Time required for max 13.6  37.5 1.17 2.33

temperature (h)

Hydration rate (°C/h) 045  0.11 16.47 7.7

Inhibitory index I (%) — 15.5 - 1.55

The hydration-test carried for cellular specimen has shown that the addition of Aluminum powder leads
to overcome the retardation of hydration reaction time observed bellow. This state is evidenced by a low
initial binder hydration time, due to the chemical reaction occurred between Aluminum powder and
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Calcium Hydrates. The hydration rate was highly enhanced, where the delay in sitting time of the binder is
negligible. It results in a low inhibitory effect on the binder hydration, without a longer period for specimen
hardening, which varied from 1.17 h to 2.33 h when flax particles were added. The corresponding inhibitory
index-value of 1.55% classifies the mixtures as being of “low inhibition”. According to the obtained results, it
can be concluded that the flax particles do not exert inhibitory influence on the binder setting in the presence
of Aluminium powder thus making the cellular specimen suitable for development. Hover, the use of
Aluminum powder appears to significantly minimise the inhibitory effect exerted by vegetable materials.

3.1.2 Fresh Density of Cellular Specimen

The density-value of fresh cellular specimen, compared to that without Aluminum powder, for different
flax volume ratios is shown in Fig. 9. It can be observed that the addition of flax particles from 0 to 2 in
volume ratio leads to decrease fresh density from 1,300 a 910 kg/m?, for cellular specimen, and from
1520 to 990 kg/m’, for companion specimen without Aluminum addition. It can be observed that the
lightening rate between cellular and non-cellular specimen with the same composition due to the
Aluminum reaction decreased with increasing flax volume ratio. The corresponding lightening rate varied
from 14.5% to 8.1%, for a flax volume ratio ranged from O to 2. The low efficiency of Aluminum
addition to lightening specimen with increasing flax ratio in sample stems probably to the instability of
generated air-bubbles in the binder matrix resulting from their collapse [39]. The reduction in air-bubble
amount may be also related to the incomplete reaction of Aluminum powder due to the insufficient free
Ca”" ions due to their migration to cell walls and lumen cavity of flax particles, thus causing their
mineralisation [40]. Fig. 10 shows the SEM micrographs of specimen microstructure, which highlighted
the regular form of generated air-bubbles in the matrix of CCOF specimen with non-flax addition, without
signs of bubbles collapse. In contrast, the addition of flax particles results in irregular form of air-bubbles
size in the matrix, with a severe coalescence mechanism occurred.

1800

1600 M Non Cellular Concrete (Without Aluminum)
M Cellular Concrete

1400

1200

1000

800
600

Fresh density (kg/m?3)

400
200

0

0 1 2

Flax to binder volume ratio

Figure 9: Fresh density-value of cellular and non-cellular specimen for different flax volume ratios

3.2 Hardened Sample Properties

3.2.1 Specimen Lightening

The effect of flax particle volume on dry density change of hardened cellular specimen is depicted in
Fig. 11. Value decreased from 1,130 kg/m’, for control specimen (0 volume of flax), to 670 kg/m® for
specimen with 2 volumes of flax, corresponding to a reduction of up to 41%. The decrease in density is
related to the physical properties of flax particles, since they exhibit low density, compared to the binder
matrix. In addition, as shown in Fig. 10, the reaction between Aluminium powder and free Ca®" ions
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from Calcium Hydroxide creates porous structure that lightened the samples. As shown in Table 6, the test-
results of porosity-values, measured using vacuum saturation procedure, indicated that the increase in flax
particle volume increases porosity of specimen. The corresponding value varied from 28% to 69%. This
contributes to lightening the specimen which make in the same magnitude of other Autoclaved Cellular
Concrete specimen produced using different alternative materials (bottom ash, waste incineration
particles, foaming activator, waste Aluminum, etc.) in term of density (300-800 kg/m®), as reported in
several research-works [41].

Coalescence of air-bubbles

Regular form of air-bubbles
/ N =

v
CCOF sample

Figure 10: SEM micrographs of cellular specimen microstructure
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Figure 11: Hardened density-value of cellular specimen for different flax volume ratios

Table 6: Material properties in presence of 0.3% of Aluminum

Specimen ID Dry density (kg/m”) Porosity (%)
CCOF 1,130 £ 15 428+5
CCIF 820 £+ 20 582+ 6
CC2F 670 + 25 67.1 8
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3.2.2 Mechanical Properties of Specimen
Compressive-Test Results:

The results of the change in 28-day compressive strength behaviour of specimen with respect to various
flax volume ratios was assessed through stress-strain diagrams, as shown in Fig. 12. The results indicated that
the increase of flax particles volume serves to decrease compressive strength from 1.52 MPa, for CCOF
sample to 0.75 MPa for CC2F specimen with 2 volumes of flax, which corresponds to a reduction of
approximately 50.6%. The strength defect of specimen is related to the mechanical properties of flax
materials since they are less stiff than the surrounding binder matrix. The low stiffness of flax may be the
predominant factor limiting the specimen mechanical properties, thereby resulting in defects at interfacial
bond between particles and matrix. It is assumed that mechanical strength of specimen is opposite to its
density. In addition, the porous structure leads to decrease compressive strength of sample. The more the
air-bubble, the lighter the sample and the lower its mechanical strengths. In terms of bonding analyses,
the SEM micrographs at Interfacial Transition Zone surface of particles-matrix are shown in Fig. 13. It
can be clearly observed that flax particles—matrix bond appears to be lower, thus resulting in additional
porosity which makes the specimen less resistant.

16 T T T
/,V\ —— CCOF specimen
14 / /—*\\ —— CC1F specimen
/

—— CC2F specimen

1.2

1/

0.8 /

M /A
/e

0.2 W

0

Stress (MPa)

0 2 4 6 8 10 12 14 16 18

Strain (mm/m)

Figure 12: Stress-Strain diagram of specimens with different flax volumes

Figure 13: SEM micrograph of flax-binder matrix bond
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However, the 28-day parameter-values of specimens when subjected to compressive test are shown in
Table 7. The results highlighted the ductile behavior of specimen-based flax particles which exhibits high
plastic phase and underwent significant deformation before failure, compared to the Control Specimen
response. Results also show that the ultimate strain-value varied from 6.52 mm/m to 12.65 mm/m, where
corresponding elastic modulus decreased from 353 to 205 MPa for CC2F sample. These results highlighted
the effectiveness of flax addition in increasing elastic behaviour of sample. However, despite the decrease in
compressive strength, the cellular specimen attains required substantial properties for using in a broad range
of the cellular construction material applications, according to the RILEM “Class III” classification [42].

Table 7: 28-day parameter-values of compressive-tests

Specimen ID Compressive strength (MPa) Ultimate strain (mm/m) Elastic modulus (MPa)

CCOF 1.52+0.2 6.52 +04 353.00+5
CCIF 1.30+0.3 8.20 £ 0.6 262.24 + 10
CC2F 0.75+0.1 12.65 + 0.9 205.00 £ 12

Flexural-Test Results:

The 28-days average results of flexural-tests depicted by the load-deflection diagrams of cellular
specimens with different flax volumes are illustrated in Fig. 14, while the corresponding parameter-values
like flexural strength, ultimate deflection, elastic stiffness, elastic modulus, and flexural toughness are
reported in Table 8. Results indicated that addition of flax particles leads to decrease flexural strength
from 1.10 MPa for Control Specimen to 0.65 for CC2F sample containing 2 volumes ratio of flax
particles. This finding suggests that both mechanical properties of flax particles and sample’s porous
structure lead to decrease the mechanical strengths of specimen. Results also shown that for a given flax
volume ratio, the reduction in flexural strength is lower than that obtained in compressive strength, due to
the dilution effect of flax particles. The corresponding reduction rate in flexural strength is of up 41%. It
is considered that the tension effect of the flax particles occurs during the diffuse micro-cracking phase of
“bending” the active micro-cracks and then in delaying the onset of their appearance, which serves to
improve specimen flexibility. This may also explained by the capability of flax particles to bridge the
cracks and thus limiting their progression in the matrix. This bridge effect makes ductile specimen which
exhibits a high deflection, compared to the Control specimen. The corresponding parameters reported in
Table 8, show an increase in deflection of specimen, where the value varied from 0.358 mm to 1.044 mm
when 2 volumes ratio of flax were added. The flexibility level of specimen containing flax particles was
also characterised by the reduction in elastic stiffness, while the corresponding elastic modulus decreased
from 234 MPa to 61.9 MPa, for CC2F sample.
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Figure 14: Stress-Strain diagram of specimens with different flax volumes
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The effectiveness of adding flax particles to make specimen ductile may be analysed through the flexural
toughness which gives a rise to evaluate the energy absorption capacity of specimen at post-cracking phase.
As shown in Table 8, the increase of flax particles results in change of flexural toughness energy of specimen,
where the variation of average-value from 80.1 107 J to 253.5 10~ J evidences the ductile grade of cellular
specimen. Fig. 15, which compares the shapes of specimens after failure, highlighted the bridging effect of
flax particles thus allowing to control the rate of cracks propagation. In contrast to the control specimen which
exhibited a sudden fracture followed by fast crack propagation, the addition of flax particles allowed the
cellular sample to fail progressively and to maintain its structure due to the bridging action of flax particles.
However, the post-cracking phase degree depends to the quality of the flax particle adherence to the binder matrix.

Table 8: 28-days parameter-values of flexural-tests

Specimen Flexural strength Ultimate Elastic stiffness FElastic modulus Flexural toughness
ID (MPa) deflection (mm) (N/mm) (MPa) (1073 1)

CCOF 1.10 £ 0.2 0.358 £ 0.1 1,392.60 £30  235.00 = 10 80.1 =10

CCIF 0.80 £ 0.3 0.751 £ 0.2 849.50 + 45 14335+ 15 205.4 £25

CC2F 0.65 +0.2 1.044 £ 0.2 367.00 £ 50 61.90 + 18 253.5+40
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Figure 15: Shapes of cellular specimens after flexural failure

3.2.3 Thermal Conductivity of Specimen

The change in dry thermal conductivity of cellular specimen, with varying flax particle amounts,
measured at different temperatures of 10, 20, 30, and 40°C, is shown in Fig. 16. The results clearly
indicated the efficiency of flax particle addition in the increase of thermal performances of specimen. For
temperature of 10°C, according to harmonised European standards of thermal conductivity measurement
which must be determined at 10°C, the increase of the vegetable particles leads to decrease thermal
conductivity-value from 0.354 W/m.K, for CCOF sample, to 0.163 W/m.K for CC2F. The decrease
corresponds to approximately 54% lower, compared to the control specimen. The decrease in thermal
conductivity of specimen is attributed to several factors, including its microstructure, material mixture
proportioning, type of particles constituents, density, porosity, etc. The reduction in thermal conductivity
of specimen is due the insulating effect of flax particles, which exhibited a lower thermal conductivity-
value, compared to the lime-based binder matrix. It is evident from these results that the less thermal
conductivity of particle addition produces the less conductive specimen. The porous structure of the
cellular specimen will contribute to enhance the insulating property. However, the more the air-bubble,
the lighter the specimen and the lower its thermal conductivity.
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Figure 16: Dry thermal conductivity of cellular specimens with different flax volumes at different temperature

The investigation of specimen thermal conductivity, for temperature ranged from 10 to 40°C, shows a
linear trend, where the increase in temperature results in a decrease of thermal performances of specimen. It
results in an increase of thermal conductivity by 24.8% for CCOF and 15.7% for CC2F. These results
evidenced that the thermal conductivity of specimen does not only depend on the conductive constituents,
but it also on the porous structure of the samples. However, it well known that the raise in thermal
conductivity of samples is also related to the increase in air conductivity with temperature. These results
agree with that obtained by Omrani et al. [43] for composites based on Juncus fibers, showing that the
thermal performances of specimen with high amount of Juncus fibers are less sensitive to the temperature
increase, compared to the sample without fibers. However, based on the density range from 400 and
1,200 kg/m’, it should be noted that the cellular specimens satisfy the basic requirement for use them as
insulating-bearing materials, according the RILEM “Class III” specifications (compressive strength is
above 0.5 MPa and thermal conductivity at 10°C less than 0.3 W/m.K [42].

Therefore, this research highlighted the benefits of adding flax particles to attain substantial properties of
cellular specimen and allows considering a broad range in the cellular construction material applications.

4 Conclusion

Test program was conducted in this study to examine the potential use of flax by-product in
preformulated Tradical PF70-based binder mixes to produce lightweight construction materials usable in
cellular concrete applications. The specimen was lightened using Aluminum powder as a pore forming
agent, which reacts with calcium hydroxide to form air-bubbles that lead to a porous structure. The fresh
and hardened properties of specimen containing different volume ratios of flax particles were evaluated.

Results of tests performed at fresh state have shown that the use of Aluminum powder overcome the
inhibitory effect that usually affect negatively the performances of specimen based vegetable materials.
Therefore, the addition of Aluminum powder is an effective means leading to improve the binder
hydration and the hardening of specimen. The examination of air-bubbles formation derived from
reaction mechanism of Aluminum with Calcium Hydroxide has shown that the addition of higher amount
of flax results their partial collapse.

Results-tests of hardened specimen have shown that the cellular specimen-based 2 volumes ratio of flax
particles reached a dry density of 670 kg/m® with a compressive strength of 0.75 MPa. The compressive
defect is evidenced by both low stiffness of particles and porous structure of the specimen. The reduction
in flexural strength is lower than that in compressive strength due to the bridging effect of flax particle.
The investigation of conductive property highlights the thermal performances of the material with a value
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0of 0.163 W/m'K in thermal conductivity. Although the strength was reduced, the cellular specimen satisfies
the basic requirement for using as insulating-bearing wall, according to the RILEM “Class III” classification.

This research highlighted the effect of adding flax particles to attain substantial properties of innovative
cellular materials and allows considering a broad range of applications in the cellular concrete field. In spite
of the positive implications of the test-results, supplementary research is required to examine the effect of
varying porous structure level on physico-mechanical and thermal properties of the specimen.
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