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Abstract: This study examines the impact of the porous structure on the density and mechanical
behavior of a new foamed concrete incorporating hemp shives. The specific aim is to gain a better
understanding of how the inclusion of hemp shiv, as well as different additions and foaming methods,
influence the density and mechanical strength of the concrete. A total of eight batches of foam
concrete were produced and tested, made with a protein-based surfactant agent, with cement, ground
granulated blast furnace slag, and metakaolin as binders and hemp shiv as natural aggregates.
The effect of several parameters is studied, including elaboration method (direct and preformed),
amount of pozzolanic additions (0% and 30 of cement weight%), and incorporation of hemp shiv (5
and 15 vol%) on the resulting physical properties, microstructure, porous structure and mechanical
behavior of the concrete. Pozzolanic additions improve slightly the uniformity of pore sizes, which
increases the mechanical resistance, especially at 28 days. While hemp shiv incorporation results in
increased concrete porosity and air bubble radius, it also decreased uniformity, mechanical strength,
and lower cohesion with the cement matrix compared to standard concrete. The results contribute to
the development of eco-friendly construction materials and promote the utilization of agricultural
waste in the construction industry.

Keywords: porous structure; foamed concrete; hemp shiv; biobased materials; mechanical strength

1. Introduction

Concrete can be categorized based on its density into three main types: conventional,
heavyweight, and lightweight. Conventional concrete, also known as standard concrete,
is the most used type with a density of 2400 kg/m3 [1]. It typically contains traditional
mineral aggregates such as gravel, sand, and crushed stone. Conventional concrete finds
widespread applications in various construction projects, including buildings, bridges,
pavements, and foundations. Heavyweight concrete, characterized by a high density
greater than 2600 kg/m?3 [1] and can arrive at 3850 kg /m3 [2], incorporates heavy aggregates
such as iron ore, magnetite, or barite. This type of concrete offers exceptional durability,
excellent fire resistance, and high mechanical properties. It finds applications in specialized
sectors, including nuclear power plants, radiation treatment facilities, and counterweights
for structures [1].

Lightweight concrete, on the other hand, is divided into three sub-types: Lightweight
aggregates, aerated and foamed concrete. All types of lightweight concrete are widely
used in the construction industry because of their many advantages. Foamed concrete
(FC) is a mineral matrix incorporating air or gas bubbles. FC is generally designed to
achieve a low density of between 400 and 1850 kg/m?, a very low thermal conductivity
compared to usual concretes (from 0.06 to 0.66 W/mK), and a low compressive strength
of about 1-30 MPa [3]. Furthermore, Foamed concrete provides other advantages, such
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as reduced construction costs, production of lightweight and environmentally friendly
structures, sound insulation, and fire resistance [4-8].

There are two mechanical processes to elaborate foamed non-autoclaved concrete
(Figure 1). On one hand, the preformed foaming method (Preformed Foam) uses an agent
to generate foam before addition to the mineral mix, an adequate technique to produce
foamed concrete with high porosity and stable air bubbles [9]. On the other hand, the direct
mixing method (by mixing) consists of generating air bubbles directly in the mineral matrix
by adding and mixing the foaming agent directly into the cement paste [10]. Numerous
research studies have focused on examining the performances and pore characteristics of
FC by incorporating additives such as fly ash (FA) and ground granulated blast furnace slag
(GGBFS), which are industrial by-products recognized for their eco-friendly and sustainable
properties [11,12]. Furthermore, FA and GGBFS have been utilized as substitutes for cement
in the production of foam concrete [13,14]. Also, polypropylene [15] and natural [16] fibers
have been used to reinforce the foam concrete. While previous studies have explored the
influence of incorporating hemp shives, there is still a need to further investigate and
expand upon this research area due to its significant potential [17].

[ Lightweight concrete ‘

[ I 1
. . Lightweight
By type of lightweight concrete Foamed concrete ‘ Aerated concrete ageregates concrete
; Preformed . . .
By method of production Foam By mixing Chemical reaction
By the source of lightness Stu'factant or Expansive agent Leightweight
foam agent aggregates
By curing C unven.tional Vapor Curing Aut‘oc!ﬂved Conver.ltional
Curing Curing Curing

Figure 1. Flowchart of the different types of lightweight concretes.

Usually, hemp shives are used as an alternative to aggregates. For instance, Saez-
Pérez et al. [18] that hemp concrete serves dual purposes as both a construction material
and an insulation material. The valuable characteristics of hemp concrete are its lightweight,
highly porous structure, low thermal conductivity, excellent moisture buffer capability,
and acoustic insulation, all allowing reduction of building energy consumption [19-21].
Also, biogenic materials are playing an increasingly important role in the composition of
building materials [22,23].

The characterization of air-voids in foam concrete can be achieved by considering
several parameters, including volume, radius, distribution, shape, and spacing between
voids [3]. The porosity and the air bubbles structure appear to condition the thermal
conductivity and mechanical properties of foam concrete [24]. For instance, Kearsley et al.
proved on the one hand that the air-void distribution is one of the most important micro
properties influencing the strength of foam concrete, and on the other hand that foam con-
crete with narrower air-void distributions exhibits higher strengths [25]. Visagie et al. [26]
have shown that an increased total porosity (¢) in foamed concrete can have a significant
negative impact on its compressive strength, particularly when the pores are larger in size.
Similar to traditional cementitious materials, foam concrete consists of distinct pore cate-
gories, including nano-pores (also known as gel pores) with a diameter less than 0.01 um,
capillary or micropores ranging from 0.01 um to 10 um, and macro-pores exceeding 10 pm
in diameter.

The addition of GGBFS enhances mechanical strength. Moreover, a study on the
air-void system of foamed concrete shows that the incorporation of GGBES led to a high
strength-to-weight ratio [27,28]. The strength of foam concrete is influenced by several
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additional parameters, including the cement-to-sand ratio, water-to-cement ratio, curing
regimen, type of sand, the particle size distribution of sand, and the choice of foaming
agent [29,30]. When aiming for a dry density range of 500 to 1000 kg/m3, the compressive
strength tends to decrease as the diameter of the voids increases. However, for densities
exceeding 1000 kg/m?, where the air voids are more widely spaced and the composition of
the concrete mix becomes a more significant factor [31].

The importance of the pore structure on the performances of foamed concretes guided
us to explore in the present work the physical properties of pore structure relationship in
foamed concretes, especially with the presence of hemp shiv particles. The pore structure
is characterized using surface characterization techniques based on image analysis which
allows us to carry out the first observations of the alveolar distribution of air bubbles. The
relationships between hemp shiv quantity, elaboration process, and their influences on
pore structure and associated mechanical performances are described.

2. Materials and Methods
2.1. Raw Materials

The raw materials used for producing FC are:

(i) CEMI52.5N, which fulfils all the specifications of EN 197-1 Portland cement Type 1.

(ii) Ground Granulated Blast Furnace Slag (GGBES), which complies with .S EN 206-1,
as a by-product of iron production.

(iii) Metakaolin (MK) is obtained by flash calcination of kaolinite at approximately 700 °C.

(iv) biomass consisting of 95% hemp shives (HS) and 5% hemp fiber, hemp shives are
considered renewable raw materials to reduce cost and CO, emissions.

A low water/binder ratio and an optimized granular density of the binder matrix
would lead to a very solid cementitious matrix, constituting the interface between the air
bubbles. Pozzolans are used to increase resistance to sulfate attack and durability, and to
reduce CO; emissions due to cement and heat of hydration [32,33]. Therefore, GGBFS and
MK are used in this study (Table 1).

Table 1. Chemical composition of binder components.

Components Unit CEM1 GGBFS MK
Calcium oxide (CaO) 64.17 43 0.2
Aluminum oxide (Al,O3) 4.44 10.7 241
Silicon dioxide (SiO,) 19.6 37.3 68.1
Ferric oxide (Fe,O3) 1o 4 0.2 37
Sulfur trioxide (SO3) Weight % 2.6 0.1 -
Sodium oxide (NayO) 0.07 0.23 0.1
Magnesium oxide (MgO) 1.25 6.5 0.2
Potassium oxide (K,O) 0.84 0.35 0.4
Absolute density (kg/ m?) 3100 2900 2500

In order to achieve a desirable workability of the mixture while maintaining a low
water-to-cement (W/C) ratio, a superplasticizer consisting of polycarboxylate and modified
phosphonates is added to each sample. This addition serves to reduce the required water
content while ensuring optimal fluidity and workability of the fresh mixture. To produce a
more stable bubble network, a commercial foaming agent is used with a foam density of
about 70 kg/m?3. The foaming agent used in foam concrete can slow down the hardening
process. To overcome this, a setting accelerator is utilized to promote cement hydration,
stabilize air bubbles, and accelerate the development of mechanical strength. Also, in order
to ease the demoulding of foam concrete after hardening, a demoulding agent is used,
whose composition does not contain solvents, to form an anti-adhesive film on the surface
of the mould. The characteristics of the superplasticizer, accelerator, and foaming agent are
given in Table 2.
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Table 2. Properties of admixtures used in this study.

Accelerator Superplasticizer Foam Agent
Color Yellow brown bright yellow
Absolute Density (g/cm3) 1.45 £ 0.01 1.055 £ 0.01 1.04 £+ 0.02
Recommended weight 1-1.5% 1-3% -
Chlorides content <0.1% <0.1% 0.001%
pH 6+1 6+1 9
Dry Content (%) 61.5% + 2.7% 30.5% + 1.5% 30%

2.2. Specimens Elaboration

A total of eight foam concrete samples were prepared, four using the preformed and
four using the direct methods.

The preformed foam method involves separately producing a stable aqueous foam
and a mineral suspension, which are later mixed together. The foam is created by com-
bining a diluted foaming agent with water in a 1:30 ratio (by weight). Meanwhile, the
powdered constituents and hemp shives are mixed dry in a mortar mixer with a capacity
of approximately 20 L. Water, along with the accelerator agent and superplasticizer, is then
added to the mixture, which is stirred until a homogeneous paste is achieved. Finally, the
mineral suspension is gradually added to the foam and thoroughly stirred at high speed
until a homogeneous mixture is obtained.

The direct method, on the other hand, involves adding the foaming agent directly to
the mineral mixture after its formation. The preparation of the mineral mixture remains the
same in both methods.

In both approaches, the resulting concrete is fluid and foamy, and it is placed into
parallelepiped moulds (4 x 4 x 16 cm®) without any vibration. After 48 h of curing at
20 °C, the samples are demoulded and stored in a damp room with a temperature of 20 °C
and relative humidity above 95%. Six 4 x 4 x 16 samples are used to study the mechanical
behavior (in compression and flexion) at 7 and 28 days, the other three provide an analysis
of the distribution of air bubbles.

Two control foam concrete formulations are used (Table 3), C100HO and C70HO (in
CxHy, x represents the weight percentage of cement and y the wt% of cement replaced by
hemp shiv). Also, in order to specify the method used, D or P are added to the sample
name for “direct” and “preformed” methods, respectively.

Table 3. Compositions of formulations studied.

Composition of Mixture (kg/m?3)

Mixes Fresh Density
3 Wt/L

Names (kg/m?) CEM I GGBFS MK HS SP Acc FAG
C100POHOP 891 700 - - - 14 7 2.1 0.24
C100POHOD 1600 1200 - - - 24 12 2.1 0.24
C70P30HOP 933 490 140 70 - 7 7 2.1 0.31
C70P30HOD 1589 840 240 120 - 12 12 2.1 0.31
C65P30H5P 900 455 140 70 2.2 6.7 6.7 2.1 0.32
C65P30H5D 1542 780 240 120 3.8 114 114 2.1 0.32
C55P30H5P 834 385 140 70 6.7 6.1 6.1 2.1 0.34
C55P30H5D 1227 660 240 120 11 10.3 10.31 2.1 0.34

The high water absorption capacity of hemp particles, amounting to approximately
250% of their mass, leads to a competition for water between the hydration of mineral
binders and the water absorption of hemp shives [34,35]. This phenomenon results in the
chalking of hydraulic binders at the interface between the hemp particles and the binder [36].
Consequently, to mitigate this effect, the water content in different formulations is carefully
adjusted in accordance with the volume of hemp shives.
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2.3. Methods

The measurement of fresh density follows the NF EN 12350-6 standard [37], where
a one-litre container is used with a measuring error of 20 kg/ m3. Dry bulk density is
determined following the NF EN 12390-1 standard [38], involving the drying of a group
of three 4 x 4 x 16 specimens at 60 °C until a constant weight is achieved. The weight-to-
volume ratio is then used to determine the density.

For the measurement of absolute density, ASTM B923 [39] recommends using the
AccuPyc II 1340 helium pycnometer. (Micromeritics, Norcross, GA, USA) This instrument
accurately measures the volume of the solid phase of a sample with a known weight,
providing a reliable measurement of absolute density.

After 7 and 28 days, a parallelepiped specimen is broken in 2 halves by bending and
the compressive strength is measured on both halves. The load velocity is 0.05 kN/sec. A
universal press (IGM® 250KN press, Magny-les-Hameaux, France) is used to determine the
compressive strength Rc and the bending strength. These tests are controlled by adapting
the standards EN 679 [40] and EN 196 [41]. The thermal conductivity at 7 and 28 days is
measured by an HFM 436 Lambda flowmeter (NETZSCH, Selb, Germany) in accordance
with EN 12667 standard [42].

The images obtained by the microscope (Keyence Bois-Colombes, France) allow a first
observation of the pore structure (Figure 2). It is necessary to use image analysis software
to study the distribution of air bubbles and hemp shives. For this purpose, the Image]
software is used first to determine the surface contribution of the hemp shives and remove
it. Then, (Figure 3) the (x, y) positions of the air bubbles are determined on the sample
surface, together with their perimeter, surface, small and large radius of the ellipse, and
sphericity, by applying several image treatments and analyses (Figure 4). However, it is
sometimes difficult to differentiate between two porous structures or to extract quantitative
elements to compare them; for this purpose, the use of coal powder to fill the air bubbles
is necessary.

Figure 2. Raw image of the bio-based foamed concrete. Image size is 10,000 x 10,000 pixels.
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(b)
Figure 3. Calculation and elimination of the amount of hemp shives. Image size is 10,000 x 10,000 pixels.
(a) We paint the hemp shiv particles in white (b) calculate the area of hemp shiv particles.

(©)

Figure 4. Image treatment steps using Image J: (a) Contouring of the individual cells; (b) Removal of

HS reflections and air bubbles detection and coloring (black); (c) Edge detection analysis assuming
ellipsoidal contours.
3. Results and Discussion

The parameters studied in this work include the quantity of cement and its substitution
ratio by hemp aggregates. The density, porosity, compressive and flexural strengths,
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and porous structure of the different types of foamed concrete and their mutual effects
are evaluated.

3.1. Physical Properties

The performances of foamed concrete, including mechanical strength, thermal con-
ductivity, water resistance, and durability, are primarily influenced by its porosity. Foamed
concrete has a higher level of porosity than ordinary concrete. This increased porosity is
attributed to the foaming process, which introduces air voids into the concrete mix. As a
result, there are more closed and connected pores in the structure of foamed concrete [27].
The porosity is determined by the amount of foam, water, admixtures, and hemp shives
present in the formulation. In accordance with the NF EN 1097-6 standard, [43] the to-
tal porosity can be obtained by applying the following equation, which utilizes both the
absolute density and the bulk density measurements:

@ = (1 2y 100
Pabs

Ppulk: Bulk density (kg/ m3)

Ptrue: Absolute density (kg/ m?)

The bulk densities of the preformed samples range from 579 kg/m?3 to 710 kg/m?3
(Table 4) with a large total porosity from 70.7% to 74.5% while the samples elaborated
using the direct method exhibit bulk densities in the 1092-1617 kg/m?3 total porosity in
the 32.2-54.6% ranges respectively. The lower total porosity observed in foamed concrete
produced by the direct method can be attributed to the direct formation of air bubbles
within the mineral suspension, which applies high pressure on their surfaces [44]. In
contrast, when using preformed foams, air initially enters the water to generate the foam,
and then the mineral suspension is added. During the mixing process at a high rotation
speed, the air trapped in the foam remains within the cementitious matrix, resulting in the
formation of foamed concrete. It is important to note that controlling air bubble production
involves various factors such as rotation speed, mixing time, and directions, which have
been maintained constant in this study.

Table 4. Physical properties of the biobased foamed concrete.

Sample Days Pbulic (kg/m®) Ptrue Porosity (%)
C100HOP 28 Zég 2444 714
C100HOD 28 }igg 2444 40.5
C55H15P ;8 zgz 2361 74.2
C55H15D 28 1822 2361 54.1
C65H5P 28 zz; 2381 72.2
C65H5D ;8 1??451 2381 33.9
C70HOP ZS 23(1) 2384 71.0
C70HOD 28 }2(1)2 2384 32.8

The comparison of the density and porosity of C556H15P, C65H5P, and C70HOP samples
(Table 4) shows that sample porosity increases with the increase of hemp shives. This
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appears as a coherent behavior since hemp shives exhibit a very low absolute density
compared to cement, 140 kg/m? and 3100 kg/m? respectively.

Table 2 demonstrates that the absolute density of pozzolanic admixtures is slightly
lower than that of cement. However, when comparing the total density in Table 4, it is
observed that C100HOD (foamed concrete with 100% cement content and no hemp) has
a lower density than C70HOD (foamed concrete with 70% cement content and no hemp).
This can be explained by the fact that the direct method of foamed concrete production
is relatively challenging to control. It depends on various parameters, including mixing
time, mixing speed, quantity of surfactants, water quantity, and the constituents of the
formulation [3]. These factors can influence the overall density of the resulting foamed
concrete and lead to variations in density between different compositions.

For all the elaborated foams the porosity-density relationship evolves linearly (Figure 5).
A linear fit of this latter indicates a very similar slope for both direct and preformed elabo-
rated samples.

90

80 + y=-00377x+97.311 xPreformed ~ + Direct
Rz
70 - B3
60 -
.
2 50 | .
‘g 40 + THa
N
a 4“*__'_
30 *
y =-0.0409x +98.711
20 -
10 4
0 T T T T T T
400 600 800 1000 1200 1400 1600

Density (kg/m3¥

Figure 5. The porosity of all samples against bulk density.

3.2. Pore Size Distributions and Resulting Mechanical Strength

We operated image analysis to evaluate the pore surface distributions of the samples.
The homogeneity of the distributions was verified using measurements operated on 3 dif-
ferent sections for each sample (Figures 6 and 7). Whatever the measured section, the pore
distributions peak for their maximum at 0.08 mm radius pores (Figure 6), corresponding to
a partial area around 45-50% of the apparent total pore section.

60

50
—e—C65H5D-1
40 —e—C65H5D-2
3 —e— C65H5D-3
©
=
= 30
©
[« N
N
20
10
Q
\
L —6—0-—0—0—s——8—2_
06— =0 0=0=—0—"——92-0
0 0.1 0.2 0.3 0.4 0.5 0.6

Radius (mm)

Figure 6. Pore distributions for the three C65H5D sections.
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Figure 7. Cumulative pore-size distribution for the three sections of C65H5D.

3.2.1. Influence of Pozzolanic Additions on Pore Distribution

We illustrate the effects of cement replacement by pozzolanic additions (Table 5) on the
pore-size distribution of BFCs, comparing one sample without pozzolan addition (C100HO)
to one with 30% addition (C70HO with 20 wt% of GGBFS and 10 wt% of MK). Each sample
is elaborated using the two methods, without HS addition. From image analysis, the mean
pore radius (Rm), their pore-size-distribution (PSD), and the uniformity coefficient (UC)
of the samples provide a macroscopic measure of pozzolan addition effects (Table 5 and
Figure 8). In the literature, pore-size distribution is considered uniform if UC = r90/r10 =1,
with a decreasing homogeneity for increasing UC ratio [27].

Table 5. Uniformity Coefficient (UC) and mean pore radius (Rm) as a function of the mass % of
pozzolans (%PZ) for the two-elaboration method.

Preformed Direct
Sample %PZ uc Rm (mm) uc Rm (mm)
C100HO 0 8.41 0.242 9.73 0.153
C70H0 30 5.1 0.188 8.1 0.088
Preformed method Direct method
100 100
90 A 90
.80 1 —80
o X
70 - 70
(3] [95]
£ 60 - £ 60
] (9]
(<] (5]
2 50 1 250
+ +
& 8
= 40 1 = 40
g g
5 30 A 5 30
20 A 20
O C70HOP (PZ = 30%) O C70HOD (PZ= 30%)
10 —@— C100HOP (PZ = 0%) 10 —@— C100HOD (PZ= 0%)
0 T T T T 0 T T T
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Radius (mm) Radius (mm)
(a) (b)

Figure 8. Cumulative pore fraction versus their radius for the two pozzolan fractions: (a) preformed
and (b) direct methods.
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However, in our samples, the UC parameter is a too restrictive view of the homogeneity.
Indeed, while UC values (Table 5) seem to indicate weaker pore-size homogeneity using
the direct method, comparing the pore-size fraction distribution curves (Figure 8), one
can clearly see that the direct method provides samples exhibiting much steeper step-like
curves than the preformed method, pointing for a larger size homogeneity in the former.
These apparently contradictory observations are explained by the large variability of UC
estimation on very steep curves, and by the weakness in representing distributions using
only a single number (UC). For instance, CL00HOP and C70HOD samples which exhibit
similar UC values but different mean pore radius (Table 5) show very different pore-size
distributions (Figures 8a and 8b respectively).

Nevertheless, the distribution curves for samples with 30% pozzolanic additions are
steeper than the ones without pozzolanic additions for both methods, and pozzolanic
additions give rise to smaller UCs, both indicators pointing to more pore-size uniformity
upon pozzolan additions. This larger uniformity is accompanied by a mean pore-size
decrease, from 0.242 to 0.188 and 0.153 to 0.088 in the preformed and direct methods,
respectively. One can also observe that the mean pore-size decrease due to pozzolan
addition is more efficient using the direct than using the preformed method, with Rm being
57% and 77% of their value without addition, respectively.

The pore-size refinement upon pozzolan additions is also visible directly from micro-
scopic images (Figure 9, compare Figure 9a,c to Figure 9b,d images). The main effect of
pozzolanic additions is to ensure cohesion between particles and fill voids which blocks
the coalescence of pores, resulting in their smaller size and larger uniformity, also reflected
in the PSD (Figure 8) as smoother curve evolutions for C7Z0HO samples. This smoothing
effect is observed by the disappearance of large pores (Figure 9¢c) giving rise to the angular
variations of the PSD around 0.5 mm radii (Figure 8b) upon pozzolan addition (Figure 9d).

C100POHOP (p = 699 kg/m?) C70P30HOP (p = 690 kg/m?)

185,00

@) (b)
C100POHOD (p = 1454 kg/m?) C70P30HOD (p = 1601 kg/m3)

(d)

Figure 9. Microscopic images of the porous microstructures of preformed (a,b) and direct (¢,d) method
samples with (b,d) and without (a,c) pozzolanic additions.



Buildings 2023, 13, 2261

110f18

The observed PSD steepness differences between the two elaboration methods are due
to the foaming capacity, the preformed method having a larger capacity to generate pores
than the direct method, as seen from the more than 2 times smaller density of the formers.

3.2.2. Influence of Hemp Shiv on Pore Distributions

Hemp shives incorporation in the samples affects their density and consequently
obtaining a more detailed picture of their porosity is of major importance.

Using the preformed method (Figure 10a), incorporation of up to 15% hemp shives
in 30% pozzolan BFCs does not severely affect the distribution of pores. Only a slight
tendency toward larger pore-size ranges is observed. This is reflected by an increase of
both UC and Rm values of 27% and 11% respectively up to 15%HS addition (Table 6).

Preformed method Direct method

100 100

90 - 90 -

80 A 80 -
gm . $70 -
S 60 - 560
I =
E 50 A g50 ]
540 4 '€40 .
z e
530 1 £30 A
S <

20 - —@— C55H15P (HS= 15%) 20 1, —@— C55H15D (HS= 15%)

10 4 —@— C65H15P (HS= 5%) 10 4 —@— C65H5D (HS= 5%)

O C70HOP (HS= 0%) O C70HOD (HS= 0%)
0 (I T T T 0 (l T T T
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Radius (mm) Radius (mm)
(a) (b)

Figure 10. Cumulative pore area versus radius of BFCs incorporating various amounts of hemp shiv
(HS) using: (a) preformed method, (b) direct method.

Table 6. Uniformity Coefficient UC and the mean radii Rm as a function of the volumic % of hemp
shiv (%HS).

Preformed Direct
Mixe %HS uc Rm (mm) uc Rm (mm)
C70HO 0 5.1 0.182 8.1 0.088
C65H5 5 5.79 0.219 11.33 0.063
C55H15 15 6.48 0.2 13.52 0.151

Using the direct method (Figure 10b) pore distribution and mean pore radii are also
only slightly modified upon hemp shiv addition up to 5%. However, for larger hemp shiv
contents (HS = 15%), the pore distribution is skewed towards larger sizes, giving rise to
larger UC and Rm values, the latter reaching twice the value without hemp shiv addition.

Optical microscopy images of the porous structures evidence their invariance upon
hemp shiv addition using the preformed method (Figure 11). Whatever the HS content,
pore sizes and distribution are constant and hemp shiv is coherently integrated into the
BFC matrix with no visible interface between HS and the matrix at these magnifications.
Using the direct method (Figure 12), large pores are developed upon HS addition, via
pore coalescence, and consequently, both UC and Rm are increased by a factor of nearly 2.
However, in this case, contrary to the preformed samples, a low cohesion between the hemp
shives and the cement matrix is observed and results in a larger pore size distribution [34,45].
This decrease in pore size uniformity may consequently affect the mechanical resistance.
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C70P30HOP (p = 690 kg/m?) C65P30H5P (p = 662 kg/m?) C55P30H15P (p = 608 kg/m?)

0 100mm

Figure 11. Microscopy images of porous structure evolution with increasing amount of hemp shiv
using the preformed method.

C70P30HOD (p = 1601 kg/m?) C65P30H5D (p = 1574 kg/m®)

T

C55P30H15D (p = 1083 kg/m?)
-~ :

+20.100mm|

Figure 12. Microscopy images of porous structure evolution with increasing amounts of hemp shiv
using the direct method.

3.2.3. Influence of Production Process on Pore Distribution

Whatever HS content and pozzolanic additions (Table 7), all BFCs elaborated by the
direct method exhibit finer pore distributions and mean radii.

Table 7. Uniformity Coefficient UC and the mean radii Rm as a function of production methods.

Sample Rm (mm) uc
C100HOP 0.242 9.73
C100HOD 0.153 8.41
C70HOP 0.182 5.1
C70HOD 0.088 8.1
C65H5P 0.219 5.73
C65H5D 0.063 11.33
C55H15P 0.2 6.48
C55H15D 0.151 13.52

These two next paragraphs are not enlightening. The first one does not say more than
what was already said in the previous, and the second concerns the influence on mechanical
strength. C65H5D and C65HS5P refer to two foam concrete compositions with identical
formulations but manufactured using distinct production methods. C65H5D is produced
through the direct mixing method, while C65H5P is generated using the preformed method.
The mean radii (Rm) of these compositions differ, with C65H5D exhibiting an Rm value
of 0.063 mm and C65HS5P displaying an Rm value of 0.219 mm. The direct method does
not produce a light foam with such a low surfactant dosage. Additionally, for all the other
foamed concrete as C70HO and C100HO, the difference in the average radius is significant
but for the C55H15D foams, the radii are closer (Rm of C55H15P is equal to 0.2 mm while
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for C55H15D is equal to 0.151 mm), due to the low uniformity caused by the low cohesion
between the hemp shives and the cement matrix.

In the preformed method, the foam is produced by mixing the surfactant and water
separately, which is then combined with the mineral suspension. On the other hand, the
direct method involves the formation of air bubbles directly in the mineral suspension. Due
to the direct formation of air bubbles, the direct method faces more difficulties in achieving
a consistent and controlled foam formation. As mentioned in Section 3.1, the size of the air
bubble radius has a significant impact on the porosity of the foam concrete. In the direct
method, the merging of bubbles becomes more likely at higher foam volumes, leading to
a wider distribution of void sizes. This wide distribution of void sizes results in lower
strength of the foam concrete [31,46]. Apart from the air-void size and its distribution, the
compressive strength of foam concrete is also influenced by the void/paste ratio, spacing
of air-voids, and the frequency of air-voids. The shape factor, which characterizes the
uniformity of the shape of air-voids, has a negligible effect on strength [46,47]. Therefore,
the preformed method, with its higher porosity, leads to lower densities and mechanical
strength in foam concrete when compared to the direct method.

3.3. Mechanical Strength

The compressive strength of foamed concretes is largely dependent on age, con-
stituents, porosity, and density [25,48]. In our samples (Table 8), the ratio between Rc at
7 days and the one at 28 days increases from 0.54 to 0.74 for the samples elaborated using
the preformed method, and from 0.79 to 0.88 for the direct method concretes. This increase
is larger than for ordinary concretes for which such a ratio is usually observed around 0.65
and is mainly due to the hardening accelerator used. Moreover, this Rc7/Rc28 ratio also
increases upon the incorporation of HS, as seen in samples C55H15, C65H5, and C70HO,
with a ratio of 0.54, 0.58, and 0.69 for the preformed method and 0.79, 0.85 and 0.88 for
the direct method respectively. A previous study of the effect of hemp shives on cement
hardening [49] that the high alkalinity of cement can degrade lignocellulosic compounds
and generate by-products that inhibit the setting and hardening process. Therefore, hemp
shives delay concrete’s hardening [50]. Additionally to HS incorporation, pozzolanic ma-
terials also delay the hydration process and extend the achievement of stabilization over
time [32]. Therefore, the evolution of the mechanical strength of concrete foamed with
pozzolanic raw materials C70HO is larger than those without pozzolanic raw materials
C100HO (Table 5).

Table 8. Compressive and flexural strengths of all samples at 7 and 28 days.

Sample Days Density (kg/m?) Rc (MPa) Rf (MPa)
C100HOP Zg Z;g ;Z};g }:gg
C100HOD s b 290 448
C70HOP s o1 373 e
C70HOD " 1601 a8 622
C65H5P Zs 22§ 5444 ?33
Co5HSD 2 1574 2867 sl
C55H15P s oo S 003

7 1092 7.05 201
C55H15D 28 1083 8.88 22
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The mechanical strength is also dependent on the uniformity of pore distributions
and their mean radius. Indeed, HS addition in preformed samples, which exhibit fine
radius distributions and dense interfaces between HS particles and the matrix, has only a
moderate impact on the mechanical resistance, Rc’s at 28 days decreasing from 3.73 MPa in
C70HOP to 3.11 MPa in C5515P, and Rf’s from 1.43 MPa to 0.93 Mpa, respectively.

But HS addition significantly affects the mechanical strengths of the direct method
samples, Rc’s and Rf’s exhibiting a three-fourth and two-third decrease respectively up
to 15% HS contents. These findings align with the observations made in Section 3.2,
where it was noted that the highest amount of hemp shives (HS) led to lower uniformity
in the distribution of pores. Additionally, weaker cohesion between the shives and the
cementitious matrix was observed, resulting in the formation of new gaps within the matrix.
Consequently, the material exhibited increased brittleness, leading to significantly lower
compressive strengths in foam concrete samples containing 15% HS compared to those
without HS or with only 5% HS. Similar decreases in compressive strength have been
reported by various researchers in the context of biofiber concrete [51-54]. Additionally,
Chamoin [19] also found that the compressive strength of hemp concrete increases with the
amount of binder in the formulation.

The large difference in compressive strengths in favour of concretes produced by the
direct method is mainly an effect due to their larger density (see Section 3.1). Some studies
showed an exponential evolution of the compressive strength with density [3,24], and this
is also what we observe in our samples (Figure 13).

45
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35 4 +
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+ "+
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+
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y =-4x103 x>+ 0.1375x — 98.821
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Compressive strength (MPa)
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Figure 13. Compressive strength evolution with density at 28-days.

The compressive strength of C100HOD, C70HOD, and C65H5D concretes is larger than
25 MPa, therefore they are considered as structural concretes.

The compressive strength behavior of our samples all lies above 2 MPa. Consequently,
even the more porous samples also can be considered as semi-structural bio-based concretes.
Therefore, the direct method can be used to produce structural foam concretes and the
preformed method to elaborate semi-structural, lighter foam concretes.

The Rf/Rc ratio, as presented in Table 8, exhibits a range of 0.15 to 0.25 for the direct
method and 0.3 to 0.45 for the preformed method. The difference in these ratios primarily
stems from the density of the foamed concrete. Notably, the Rf/Rc ratio tends to decrease
as the density increases. In the bibliography, in the case of cellular concrete with densities
below 1000 kg/m?3, the observed Rf/Rc ratio falls within the range of 0.25 to 0.35 [55]. Also,
in ordinary concretes it ranges usually between 0.1 and 0.2 [56]. Compared to ordinary,
foamed or not, concretes, the addition of HS decreases the flexural strength less than
it decreases the compressive strength, thus increasing the Rf/Rc ratio. This is the case
independently of the chosen elaboration method.
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Similarly, as for the compressive strength, the evolution of flexure strength (Figure 14)

with density in the foamed concretes exhibits a behavior compatible with an exponen-
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Figure 14. Flexural strength of all samples against density at 28-days.

4. Conclusions

The porous structure of non-autoclaved bio-based foamed concretes manufactured

using cement, Ground Granulated Blast Furnace Slags, Metakaolin, pozzolans, and hemp
shives, are influencing many sample characteristics. The parameters that define the void
network are correlated with the mechanical performances. We can point out the follow-

ing

conclusions:

Hemp shives increase the porosity and thus decrease the density of the samples. An
increase in pore mean radius is observed upon addition, which decreases pore size
uniformity and correlatively the mechanical resistance.

The amount of cement and pozzolanic materials improve slightly the uniformity of
pore sizes, which increases the mechanical resistance, especially at 28 days.

The production method used plays a crucial role in the formation of pores in foam
concrete. The preformed method demonstrates higher efficiency in forming foam for
lightweight concrete with a density lower than 700 kg/m? and achieves a compressive
strength of approximately 3.5 MPa. In contrast, the direct method yields foam concrete
with finer pores and more uniform pore-size distributions.

The application of a porous structure characterization technique makes it possible to
establish correlations between mechanical performance and the pore structure. The
mechanical strength of mineral foams depends mainly on three parameters: porosity,
mineral matrix strength, distribution, and size of pores. These four parameters are
influenced by the formulation and production method. An analysis of the pore
structure shows that a homogeneous distribution of small pores gives rise to the best
mechanical performance.

This study shows that the amount of porosity in foamed concretes is the main mi-
crostructural parameter controlling their mechanical properties.

In conclusion, further research should focus on determining the optimum ratio of

hemp shives to strike a balance between increased porosity and reduced mechanical

stre

ngth in non-autoclaved biobased foamed concretes. It is also recommended to study the

effect of curing conditions, mixing techniques with other biobased aggregates, and other
particle sizes on the pore structure and mechanical properties of non-autoclaved biobased
foamed concretes.
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