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Abstract There are numerous parameters which define the mechanical properties
of hemp concretes. Several authors identified significant differences in mechanical
properties due to the quality, particle size, form and distribution of the hemp
aggregates, and also due to the energy of compaction, binder dosage, density,
drying conditions and drying time. The other factors which influence the
mechanical properties of hemp concretes are the type of binders and their influence
on the setting process of mortars containing plant aggregates. This research work
has been done to encourage the use of hemp in construction industries that can
reduce the usage of industrial binders and shift the focus on natural binders. The
experiments were carried out to observe the drying kinetics, capillary water uptake
and mechanical strength of hemp-clay concretes made with de-fibered or
non-de-fibered hemp materials of industrial and domestic origin. The influence of
addition of the lime on the mechanical performance of hemp-clay composites was
also studied.
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Introduction

Bio-based materials from rapidly renewable resources provide the opportunity to
create a new generation of low energy and carbon storing building products [6] with
improved insulating properties. In this manner they are reducing greenhouse gas
emissions caused by human activities [20] and replacing natural resources made
from mineral aggregates [27]. It is widely assumed that renewable materials are
environmentally beneficial and should be preferentially used in building envelopes
to reduce the energy needed for manufacturing processes and air conditioning in the
building sector, which is responsible for about 50% of the energy consumption
worldwide [7]. The economic production and processing of natural fibers [9] is an
added motive for the increasing research in this field in the last decade [27]. Hemp
(Cannabis sativa L.) stands for a fast growing [17, 24] and multi-beneficial [2, 11,
29, 33] fiber plant. Its world-wide spread as one of the earliest culture plants [2, 29]
is also explained by its easy acclimation to different climates, altitudes and soil
types and its important role in crop rotations [2, 33, 34]. The use of plant aggregates
in concretes and mortars is a method that allows versatile applications in con-
struction, and practiced since antiquity to improve or modify their qualities [4, 5].
To ensure their major appraisal and use, building-product and green building
designers must understand hemp based building materials in terms of their thermal,
acoustic, hygrothermal and mechanical performances, in particular the links
between these features. Hemp concretes, based on hemp hurds and lime binders, are
proving since the early years 90s to be a user friendly, high performance and
fire-resistant construction material for light weight applications in new building and
renovation works [8]. However, hemp concretes have an elastic-plastic behavior
and are therefore, reported to function with a support structure [10]. A lower
mechanical strength of plant based concretes as compared to the mineral ones is
considered as the major drawback for their use in construction [27]. An interesting
challenge is, therefore, the refinement of the mechanical performance of plant based
concretes for structural purposes. By now, it is demonstrated that the compressive
strength of hemp concretes, with unchanged hemp content, can be increased by
compaction [28], through further reduction of void volume by adding small sized
aggregate or by shortening the mean particle length [1, 32]. As reported by several
authors, adding fibers could not improve significantly the mechanical strength of
hemp concrete formulations with lime, cement or gypsum [15, 26] but could be an
interesting option for regions without facilities to separate stem materials [14].
However, very few studies are carried out on this matter, and therefore, the present
research investigates the mechanical properties of hemp concrete, comparing the
performance of de-fibered and non de-fibered stem material in a lime stabilized
hemp-clay concrete matrix. Improving mechanical strength of hemp concretes by
augmenting the dosage of lime or other calcined binders is possible [26] but it is not
favorable, as the highest negative contribution to their climate change indicator is
caused by commercial binders [28]. These materials consume 49% primary energy
and 68% water of the total consumption of a hemp concrete and cause 47% of
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corresponding air pollution, followed by the wooden structure, plasters and hemp
hurds [20]. Furthermore, in plant based concretes, setting problems occur [16]
through the release of polysaccharides [18, 28], that hinder the carbonation of aerial
lime; while in mortars with mineral aggregates, up to 90% of the CO, emitted
during its calcination is re-absorbed [21]. A design that takes into account the local
raw clay binders with the lowest possible environmental impact [30] and involving
minimum transport is decisive for the final carbon footprint of a hemp concrete. It
also takes into account the dosage, constructive systems (e.g. in harmony with
traditional and climate adapted building) and application technology [19]. The
motive of this research work is the development of hemp concretes for alternative
economic development, based on the local hemp waste material of an ancestral
hemp variety found in the Moroccan Central Rif, and historically harvested for
industrial as well as recreational purposes. The use of both C. sativa L. and C.
sativa L. - indica species as fiber hemp is undertaken by numerous archeological
[11, 22] and written [2] affirmations. Due to technological obstacles, plant’s specific
morphological reasons and chemical differences between hemp hurds and fibers
[25], whole stem utilization has been taken into account and compared with
de-fibered stem material. The present study also aims to reveal if the plant infusions
of both species have influence on the drying process of clay based mortars and on
the interactions between clay and lime.

Materials and Methods

Hemp Materials

There exist significant variations in wood anatomy, wood cell distribution, cell wall
thickness and cell dimension between Cannabis sativa L. and Cannabis sativa L. -
indica species [2, 3]. Also, the chemical composition of bark differs from the
woody stem material and hemi-cellulose is more abundant in the hemp core (31%)
than in the bark (13%) [34]. In addition, the absorption capacity is more in the core
than in the bark [23] and water and alkali soluble components increase with the
maturity of the plant [13]. The present research focuses on both, industrial
Cannabis sativa L. hemp, collected in Cervera del Rio Alhama (Spain) and
ancestral Cannabis sativa L. - indica hemp (Fig. 1), collected in Morocco’s “his-
toric hemp farming region” [12]. Absorption of 5 g sample from each species of
hemp core and hemp fiber was observed in the intervals of 72 h, 7 days and
14 days, and for studying the drying kinetics, the total water loss after drying in
T20 and HR80 conditions was recorded. The plant materials were prepared by
manual chopping. In addition, plant infusions were produced by submersion for
14 days, for the elaboration of lime stabilized earth mortars. Furthermore,
hemp-clay concretes were produced to understand the differences in the use of
industrial hemp hurds from Cavac (France), with a mean particle length of
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Fig. 1 Moroccan hemp stalks of “beldiya”

2-25 mm (Fig. 2) and whole stem material from Cervera del Rio Alhama (Spain),
cut parallel to the stem section in pieces of similar length (Fig. 3), with a chopping
machine used for agricultural waste.

Binder and Stabilizer

For the preparation of mortar samples, earth was collected from the same region
where the ancestral C. sativa L. - indica hemp materials were collected. For the
analysis of its clay minerals, the fractions smaller than 2 pm have been separated
after decanting the suspension of 200 g earth in 500 ml of water for 8 h. Liquids,
obtained from the upper 10 cm of the column of liquid with particles, were col-
lected and centrifuged for 4 min at 6000 revolutions. Mineralogical X-ray
diffraction (XRD) analysis was done with a PANalytical X Pert Pro diffractome-
ter, equipped with a X’Celerator solid state detector, and using Cu-Ko radiation at
45 kV and 40 mA. The diffraction patterns were obtained by continuous sweeping
between 3 and 50° of 20, with a space of 0.01° of 20 and 20 s of time in each
step. Its clay minerals (fractions of 2 um) contain 18.1% quartz, 44.1% illite, 22%
chlorite and 15.8% amorphous particles. Illite is a clay mineral formed by alteration
of feldspars. It is expensive and of medium plasticity and have unctuous touch and
low permeability. Illite from Issaguen is sodic and it dissolves rapidly in water. Its
red color is associated with iron oxides. Its structure is mica type, but it has less
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Fig. 3 Chopped hemp stem (Spain)

potassium than muscovite, more inter-laminar water, and less substitution of alu-
minum for silica in the tetrahedral layer. Chlorite is found in nature combined with
illites. It is not very expensive, has less cut resistance, and is difficult to disperse in
water. This clay has tetrahedral-octahedral-tetrahedral (TOT) packages. For the
stabilization of the clay as reinforcement of the inter-laminar matrix to resist the
weathering conditions, white natural hydraulic lime NHL3.5 “Calcia” from Socli
(France) was used and showed superior results in a previous research with different
hemp-lime mortars [4].
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Experimental Program with Clay Mortars and Plant
Infusions

Infusions from the 14-day submersion of two hemp varieties (Figs. 4 and 5) have
been used to prepare earth mortars with the addition of NHL3.5 lime.

In addition, a control mold was also made, and kneaded with water. The hemp
infusions were obtained from a quantity of plant material corresponding to this
mold size, employing 1 m® of plant material per m®. The infusions have been
prepared using a water-plant material ratio in such a way that the suitable amount is
obtained to knead the mortars, taking into account that part of the water is absorbed
by hemp. Plant materials were previously cut into pieces to obtain a similar length
that is found in commercial hemp hurds (maximum 25 mm) after separating fibers
and hurds. After immersion in closed containers, hemp infusions got darkened and
gave off a smell in hemp hurds distinct from the whole stem material. Before
mixing, the red earth of Issaguen has been sieved at 3 mm maximum grain size.
Four different specimens have been made, one of each class, in standardized molds
of 4 x 4 x 16 (cm). The first specimen (“A”) contained sieved earth, NHL3.5 lime
and potable water. The second one (“FPK”) was prepared with sieved earth,
NHL3.5 lime and hemp infusion of the full stem section of the ancestral Moroccan
hemp variety, called locally “beldiya” [12]. The third specimen (“PK”) was made
with sieved earth, NHL3.5 lime and hemp infusion from the de-fibered stem
material of Issaguen. The fourth specimen (“FPE”) was prepared like the second
one but with the infusions obtained from industrial hemp of Cervera del Rio
Alhama (Spain) (Fig. 6).

The kneading was performed with equal proportions of water or hemp infusion
by weight. The percentage of NHL3.5 lime was high, 25% by volume in relation to

Fig. 4 Moroccan hemp core and fiber after 14 days of submersion in water and drying
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Fig. 6 Earth mortar specimens kneaded with water or plant infusions

the earth in order to improve the results and to study if the substances released by
the plant material also affect the drying kinetics, and to compare the results with the
specimen mixed with water. After 28 days of curing at temperature of 20 °C and
RH of 80%, the mortar samples were analyzed using mineralogical X-ray diffrac-
tion (XRD) in order to verify if the minerals of clay and lime were associated.
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Experimental Program with Lime Stabilized
Hemp-Clay Concretes

For both hemp-clay concrete (Fig. 7) formulations, with either hemp hurds or
chopped hemp stem (including the fibers) plus sieved earth and water, two different
percentages of NHL3.5 lime (8 and 16% in volume) were added. This stabilization
aimed to reinforce the inter-laminar matrix of the clay through cationic exchange
and transformation of peripheral links to provide good resistance to local weather
conditions (Central Rif has the highest precipitation rate in Morocco). The use of
lime is encouraged due to the fact that it was found in the formulation of all
traditional earth concretes and mortars used in the region, although it is not pro-
duced locally. During a curing and drying period of 5 weeks at T20 and RH80
conditions, drying kinetics was studied. After 5 weeks, when all concrete samples
were in equilibrium with the relative humidity of the ambient, capillary water
uptake was measured, according to the Spanish norm UNE-EN1015-18:2003.
Mechanical results were obtained at an age of 37 days instead of 28 days because
drying progressed slower than in mineral concretes. Compressive and flexural
strength of the concretes were tested at Applus laboratory (Barcelona), according to
the Spanish norm UNE-EN1025-11:2000/A1:2007, with four standardized rectan-
gular concrete samples (4 x 4 x 16 cm) of each type, obtaining four specimens for
the test of the flexural strength and eight specimens for the test of the compressive
strength.

Fig. 7 Lime stabilized hemp-clay concrete test specimens
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Results and Discussion

Influence of Plant Infusions on Drying of Lime Stabilized
Earth Mortars and the Interaction Clay-Lime

Among the four different lime stabilized earth-mortars, a higher viscosity has been
observed in the ones prepared with infusions that contain whole stem material.
Under conditions of T20 and RH80, the specimen mixed with water advanced faster
during the drying process of the first week, but the total water loss after 4 weeks
was lower than in the specimens with hemp infusions. In the specimen made with
infusion of whole stem material, deviations from the mortar sample “A” were
higher than in the specimen with infusion of hemp core material. Even so, the final
water loss % (by weight), as compared to the initial weight of the fresh mortars,
varied a little in the different specimens, being 23.74% in the mortar mixed with
water, 24.06% in the mortar mixed with infusion of core of the ancestral hemp
variety, 25.89% in the mortar with infusion of whole stem material of the same and
26.63% in the specimen made with whole stem material of industrial
hemp. According to these numbers the mortars with higher initial viscosity showed
higher final water loss. The XRD tests that were performed with 28 days cured
specimens and with fractions of less than 200 pm (Fig. 8) showed that in mortars
kneaded with hemp infusions, a delay occurred in the carbonation of the lime that is
not combined with the clay minerals, as well as in the combination of the rest of the
lime with the clay as compared to the mortar sample mixed with water.

In the mortar sample “A”, which has been kneaded with water, all clay minerals
have reacted with NHL3.5 lime (they no longer appeared as such). The lowest
percentage of carbonated lime was observed in the sample “PK”, made with hemp
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Fig. 8 Mineralogical X-ray diffraction of earth mortar specimens mixed with water (black) or
infusions of plant materials (green, red and blue lines)
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core infusion, i.e. 1.5 against 7.1% of calcite in the mortar mixed with water; while
the samples with whole stem material showed 2 and 2.2% (Table 1).

This can be explained by the higher percentage of hemi-cellulose present in
hemp core compared to the bark fraction [34] and the higher water absorption by
the hemp stem material, compared to the bark [23], resulting in higher release of
substances that hinder the hardening processes. The calcite content was slightly
higher in “FPE” than in “FPK” specimen. This can be explained by variations in the
wood anatomy, wood cell distribution, cell wall thickness and cell dimension
between C. sativa L. - indica and C. sativa L. species [2, 3]. The submersion and
drying tests of the plant materials confirmed a higher porosity of the ancestral C.
sativa L. - indica hemp. A clearly higher and quicker water absorption has been
observed in the ancestral hemp core, compared to C. sativa L. hemp core during the
period of submersion, whereas no differences were observed in the fibers of both
raw materials (Fig. 9). In all specimens the total water loss after drying was higher
than the amount of water absorbed by submersion. While 5 g of C. sativa L. -
indica hemp core absorbed 16.63 g of water in 14 days and lost 17.13 g in 6 days,
C. sativa L. hemp core only absorbed 13.75 g and lost 14.25 g. These facts were
probably attributed to the bigger pore size of the earlier matured C. sativa L. -
indica hemp and an irreversible swelling of hemp core material during water
absorption, as observed at micro-scale [5]. The quantitative analysis of
lime-stabilized clay mortars (Table 1) verifies that specimens with infusions of
Issaguen’s hemp stem show the highest percentage of uncombined clay among all
samples. In “FPE” specimen with industrial hemp stem it is mainly illite that got
associated with lime, whereas in the specimen “FPK”, with infusions of Issaguen’s
hemp stem, it is rather the chlorite. “FPE” specimen showed 27.7% free illite and
15.2% free chlorite and “FPK” specimen showed 42.2% free illite and 11.5% free
chlorite, whereas in the sample mixed with water all the clay mineral matrixes got
combined with lime.

Table 1 Quantitative analysis by mineralogical X-ray diffraction of earth mortar specimens

Quantitative A PK FPK FPE
analysis (%) | with | With infusion of | With infusion of With infusion of
water hemp core whole stem material whole stem material
(Issaguen) (Morocco) (Spain)

quartz and 73.2 36.3 30.1 422

silicates

illite - 422 422 27.7

chlorite - 10.4 11.5 15.2

calcite 7.1 1.5 2 2.2

amorphous 19.7 10.7 14.2 12.7
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Absorption of water
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Fig. 9 Absorption of water in grams by submersion in water of 5 g hemp material (origin: Spain
and Morocco)

Drying Kinetics of the Different Hemp Concretes

In the first 72 h, the drying progressed faster in the molds of series 2, stabilized with
16% lime. Then the series 1, stabilized with 8% lime, advanced, until a slightly
higher water loss was noticed in the series 2 after 5 weeks of drying. In the molds of
series 1, those made with hemp hurds, dried faster in the beginning, while after 24 h
the drying of specimens with chopped stem material was advanced. The total water
loss of the last one was greater after 5 weeks. In the molds of series 2, those made
with hemp hurds dried faster at first, while after 24 h the drying of specimens with
chopped stem material was advanced. After the 3 weeks until 4 weeks of age, the
specimens made with hemp hurds showed faster drying once more. Nevertheless,
total water loss after 5 weeks was greater in the molds with chopped stem material
of both series than in those with hemp hurds (in specimens with chopped stem
material 347 g and 355.5 g in series 1 and 341.5 g or 334.5 g in series 2, in those
with hemp hurds 317 g and 327 g in series 1 and 319 g and 305.5 g in series 2).
Therefore, the final water loss was slightly higher in molds, stabilized with a lower
amount of lime. According to these results it can be understood that in lime sta-
bilized hemp clay concretes the hemp stem material releases more inner pore water
through swelling than the hemp hurds material, possibly due to the higher contact
area of the fibers.
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Capillarity Water Uptake of Lime Stabilized Hemp-Clay
Concretes with de-Fibered and Whole Stem Material

In the short-term absorption of concretes of series 1, stabilized with 8% lime, molds
made with whole stem material absorbed water quicker, whereas after 3 h molds
made with hemp hurds became more absorbent. It is expected that the absorption
does not end until the full saturation of the hemp hurds is achieved, a process that,
as observed in the submersion test, takes more than 14 days in the hemp hurds,
whereas 7 days in fiber material (Fig. 10). The molds subjected to capillary
absorption of 72 h (Figs. 10 and 11), take more than 3 weeks to dry under T20
RHS8O0 conditions. The whole stem species dried earlier, as did the hemp fibers with
respect to the hemp hurds. Comparing series 1 and 2, it can be observed that higher
stabilization has a more favorable effect on the specimens with hemp hurds, because
the absorption progresses slower from the beginning. However, a higher lime
addition benefits practically nothing to the specimens with chopped stem. Till 24 h
the absorption of series 2 progressed practically in the same rate as in the samples
stabilized with half amount of lime, although after 24 h the absorption advanced
somewhat slower than in the series 1. In series 2 the molds with hemp hurds
showed more absorption than the molds with whole stem from 36 h and not after
3 h as in the series 1. Finally, the drying of the molds stabilized with twice the lime
was slower than in series 1, although previously absorbed water was lower.

Capillarity absorption
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Fig. 10 Capillarity absorption in grams, in specimens of SERIES 1, stabilized with 8% lime, with
hemp hurds (S1 p) or chopped stem (S1 p + f)



Hemp-Clay Concretes for Environmental Building ... 261

Capillarity absorption
120

100

80

gr &0

an

” 111
0-Ill.ll

Imin 4min 9min 16min 25min 36 min 60 min 5h Sh 24h 36h 48h 60h 72h
szp+f 625 900 12,30 1500 1830 2030 2450 3630 4450 50,30 5630 7800 82,80 8600 8650 8830
mS2p 3,25 4,50 6,25 8,25 10,30 12,00 1530 2530 3280 3730 4350 7500 8600 92,00 9350 9580

Fig. 11 Capillarity absorption in grams, in specimens of SERIES 2 stabilized with 16% lime,
with hemp hurds (S2 p) or chopped stem (S2 p + f)

Mechanical Results of Lime Stabilized Hemp-Clay Concretes
with de-Fibered and Whole Stem Material

Contrary to the results of another research carried out with lime, cement and
gypsum concretes containing hemp hurds and fibers [14, 15], in the present work
adding fibers successfully increased the compressive strength as well as the flexural
strength of all tested lime stabilized hemp-clay concretes (Table 2 and 3).
Nevertheless, the samples of series 2, stabilized with 16% lime showed worse results
in their compressive strength than samples of series 1 stabilized with 8% lime, which
showed 1.3 MPa for the specimens with whole stem and 1.2 MPa for the specimens
with hemp hurds. The specimens of series 2, stabilized with 16% lime showed 1.26 and
1.18 MPa, respectively. On the contrary, flexural strength was higher in series 2 sta-
bilized with 16% lime than specimens of series 1, which exhibited 0.55 MPa for the
specimens with whole stem and 0.43 MPa for the specimens with hemp hurds. The
specimens of series 2 showed 0.58 and 0.45 MParespectively. Although large amounts
of plant material, equivalent to one m* per m> of concrete were used for the specimens
of this research, their compressive strengths were within the upper range of adobe
bricks that usually range from 0.32 to 2.46 MPa [31] and are frequently found in
load-bearing applications. The mechanical performance of hemp concretes is limited
due to meso-pores (from 0.1 to 1 mm) formed by trapped air within the hemp aggre-
gates and the binder itself and micro-pores (lower than 0.01 1Im) in the binder matrix.
40% in volume of lime binder would be needed to reach a compressive strength of
1.15 MPa by reduction of the macro-pores, that occupy spaces of up to 1 cm between
particles of a hemp light concrete [10]. Earth is a cheaper and environmental friendly
material to fill those macro-pores. Clay particles from 0.08 upto 2.5 pm, contrary to air
and hydraulic lime binders [4], cover all the pores of the wall of hemp hurds but form a
heterogeneous structure after drying and thus reduce the contact area with the same [7].
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Table 2 Mechanical results series 1 (P + F = whole stem, P = hemp hurds)

Reference | Mass (g) specimens Flexural strength Compressive strength
4 x 4 x 16 (cm) (37 days) (37 days)
Load Tensile Load Tensile
M) (MPa) M) (MPa)
SIP+F 275.28 234 0.5 2.037 1.3
(@) 2026 | 1.3
S1IP+F 274.59 230 0.5 2.163 1.4
) 2.261 1.4
SIP+F 270.81 238 0.6 2.062 1.3
© 2137 |13
S1IP+F 280.02 253 0.6 2.192 1.4
@) 2097 |13
S1P (a) 271.18 173 04 1.887 1.2
2.070 1.3
S1P (b) 269.91 176 0.4 1.846 1.2
1.758 1.1
S1P(c) 271.20 206 0.5 1.948 1.2
2.103 1.3
S1P @) 270.75 175 04 1.880 1.2
1.978 1.2

Table 3 Mechanical results series 2 (P + F = whole stem, P = hemp hurds)

Reference Mass (g) specimens Flexural strength Compressive
4 x4 x 16 (cm) (37 days) strength (37 days)
Load Tensile Load Tensile
™) (MPa) ™) (MPa)

S2P+F 298.4 202 0.5 1.890 1.2

(@) 1923 |12

S2P+F 288.14 206 0.5 1.991 1.2

(b) 2015 |13

S2P+F 293.61 260 0.6 1.984 1.2.

© 2132 |13

S2P+F 304.08 278 0.7 2.064 1.3

(d) 2.257 14

S2 P (a) 272.00 181 0.4 1.957 1.2
1.746 1.1

S2 P (b) 287.13 209 0.5 1.841 1.2
1.987 1.2

S2 P (c) 281.24 196 0.5 1.896 1.2
1.973 1.2

S2 P (d) 287.78 186 0.4 1.822 1.1
1.859 1.2
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Conclusions

This paper addresses the feasibility of the implementation of an ancestral hemp
variety against industrial hemp in concrete. In this context, the drying kinetics and
stabilization with lime of earth mortars, mixed with water or plant infusions were
studied for both hemp hurds and whole stem material. The results confirmed dif-
ferent findings with de-fibered and non-de-fibered stem material and also with
different hemp varieties. Those differences could be due to anatomic and chemical
deviations. However, the differences between both species are not important
enough to disregard the use of Moroccan ancestral C. sativa L. - indica hemp for
construction purposes. The research rather demonstrates that in hemp-clay con-
cretes, stabilized with lime, different varieties of hemp may need different formu-
lations containing appropriate clays, in order to obtain maximum performance.
Adapted formulations and treatments seem to be necessary to optimize results in all
hemp varieties and those are more important in de-fibered than in whole stem
material. Furthermore, clay based concretes made with de-fibered and
non-de-fibered hemp stem, stabilized with two different percentages of lime were
compared. Concerning the mechanical properties, the lower results of compressive
strength with higher amount of lime addition could be explained by the alkaline
medium created by higher lime content which is probably the reason for higher
hemi-cellulose release, causing hardening problems and hindering the interaction
between clay and lime. This resulted in weakening of clay-lime matrix. Why a
higher amount of lime addition benefitted the flexural strength of both concretes can
only be explained through additional macroscopic studies, or preparing control
specimens without addition of lime. Higher additions of lime didn’t reduce sig-
nificantly the capillarity absorption and delayed the subsequent drying process of
the specimens.
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