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Abstract:

A simple mixture of hemp hurd, water, and lime is used to make hemp concrete. It is indeed one of
the few materials that can continue to absorb carbon after being employed in construction, storing
more carbon in the atmosphere over the building's lifetime than was emitted during construction.
Furthermore, hemp can be harvested in as little as 60 days. Hemp concrete is a "carbon-negative" or
"better-than-zero-carbon" substance because the hemp plant absorbs more carbon from the
atmosphere than it emits during its production and application on site. It is a bio-composite material
that can be utilised as an alternative to concrete and standard insulation in building. Hemp concrete
is also recyclable at the end of the building's lifespan. This study summarises the fast-developing body
of knowledge about hemp concrete, which was recently developed.
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1. Introduction

Long-term changes in temperature and weather patterns are referred to as climate change. These
changes could be due to natural causes, such as oscillations in the solar cycle. However, human
activities have been the primary cause of climate change since the 1800s, owing to the combustion of
fossil fuels such as coal, oil, and gas. Fossil fuel combustion produces greenhouse gas emissions, which
act as a blanket around the Earth, trapping the sun's heat and boosting temperatures. Carbon dioxide
and methane are two examples of greenhouse gas emissions that contribute to climate change. These
are produced by, for example, utilising gasoline to drive a car or coal to heat a building. Carbon dioxide
is released when land and forests are cleared. Garbage landfills are a major source of methane
emissions.

The world's population and standard of living are both steadily expanding. As a result, worldwide
energy consumption, carbon emissions, and garbage generation have increased. The construction
industry accounts for a significant share of these in developed countries. This is responsible for about
40% of overall energy use and CO; emissions [1-5]. When embodied carbon [EC] and embodied energy
[EE] are included in, these percentages rise to roughly 50% [6,7]. As a result, it is indeed vital to find
ways to reduce the building sector's high energy and carbon demands so that it may become more
sustainable and have a lower environmental impact.
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Concrete is the most widely used material in the construction industry, with 10 billion tonnes
manufactured each year and used in a variety of applications. Cement-based products, on the other
hand, are sometimes seen as non-sustainable due to the high EE of cement, which is manufactured in
a kiln at 1450°C. Cement also has a high EC since each tonne of cement produced emits roughly one
tonne of CO; into the atmosphere [8,9]. Furthermore, insulating materials are required to achieve low
OC and OE levels in structures, which typically have high levels of EC and EE that are not compensated
by the OC and OE reductions achieved over the life cycle of the building [10,11].

As a result, sustainable construction materials must be developed in order to reduce the building
sector's environmental impact. Hempcrete, also known as Lime-Hemp Concrete (LHC), is a ground-
breaking concept that is gaining traction. LHC is a new sustainable construction material made out of
hemp shives as bio-aggregates and lime as a binder [12]. Hemp shives are a by-product of the hemp
fibres industry. They produce 65-70 percent of the hemp plant's total output (by mass). They are
lightweight and have a low thermal conductivity, which implies they have a good thermal insulation
ability due to their high porosity.

Lime is a binder made at 950 °C in a limestone kiln, which is 500 degrees Celsius lower than the
temperature used to make cement (1450 °C), and so has a lower EE. Furthermore, during the
carbonation process that occurs during its hardness, the bulk of the CO, emitted as a result of the
chemical reaction that creates it is absorbed back into the system. Therefore, its EC is significantly
smaller than that of cement. As a result of the carbon sequestration by hemp during its growing cycle,
LHC's EE is low, and its EC is actually negative [13-16].

In addition, because LHC has a low thermal conductivity, it can lower the OC and OE of a building. The
hemp-lime ratio, on the other hand, determines the thermal conductivity of LHC; lower lime
concentration indicates lower conductivity and density. This study focused on a 1:2 ratio, which results
in a thermal conductivity of 0.09-0.11 W/mK and a density of 330 kg/m? [17]. When constructing
energy-efficient structures, thermal conductivity isn't the only aspect to consider. A building's heat
capacity is a significant aspect in determining its thermal performance. Due to large diurnal and
seasonal changes, the outside temperature could be high.

The study by Evrard (2006) [18] analyzes drying process, final density and vapour permeability of
different type of LHC-wall mixtures to point out influence of mixing, implementation and water input
on material’s final properties. The effect of using different binding agents in combination with hemp
shives and fibres in Lime-Hemp Concrete (LHC) building material was examined by Paulien et al.,
(2009) [19]. Pochwala et al., (2020) [20] reported the results of certain hemp—lime composite studies
and the potential for using hemp—lime composite for the structural construction industry. Hemp—lime
composite heat transfer coefficient, fire resistance, and bulk density properties are compared to those
of other commonly used construction materials. The obtained results show that the material together
with supporting beams made of other biodegradable materials can be the perfect alternative for other
commonly used construction materials.

Thermal mass affects a building's thermal behaviour by storing heat during the winter and releasing
it at night or acting as a heat sink in the summer and passively cooling itself at night. The heat capacity
of the LHC is 0.7 MJ/m3K, which is moderate. The LHC's capacity to restrict the impact of outside
temperature variations is due to these two properties. The internal amplitude was just 4 °C in one
investigation, but the exterior amplitude was 16 °C [21]. LHC can also regulate exterior humidity
swings with an internal amplitude of roughly 5% RH compared to a 70 percent RH external amplitude.



Other research [22, 23] found that the LHC's thermal performance is highly promising. The thermal
comfort of the building improves as a result of LHC's properties. As a result, the thermal qualities of
LHC are its principal value to the building user; yet, because its mechanical properties are limited, it
can only be employed for non-structural applications [24—26]. It is for this reason it is widely utilised
as a wall, ceiling, and floor insulation layer. It is also utilised to replace traditional construction
materials like Hollow Concrete Blocks and Autoclaved Aerated Concrete. If LHC is utilised instead of
these materials, and common insulating materials (e.g., polystyrene), the EC and EE of these materials
can be greatly lowered. This paper reviews what is currently known about hemp concrete, their
properties and performance, as well as the important areas where more study is needed.

2. Binder

The binder is the most important component of every concrete. Hemp concrete is made with a lime-
based binder. This is because of its plentiful supply and low production emissions. Lime, on the other
hand, is better than cement for hemp shiv [27]. Lime absorbs a large amount of water and obstructs
hydraulic movement. The interior parts of the concrete will not set as a result of this. Hemp concrete's
mechanical, thermal, hygrothermal, and acoustic qualities are all affected by the binder used and the
dose [28-32]. In hemp concrete, the most common binding agent is hydrated lime (Ca(OH),).

Lime's hydraulicity is an important feature. To improve the strength and setting qualities of hydrated
lime, researchers have employed pozzolanic elements such as fly ash, GGBS, and silica fume [32]. The
combination of lime and pozzolana is not new. The potential of lime to build strength through time
has been demonstrated in ancient structures that have remained structurally sound. Walker (2013)
[27] found that hydrated lime performed better than fly ash when combined with GGBS and
metakaolin. Activators such as sodium sulphate and calcium chloride can be used to overcome the
limited reactivity of lime and fly ash. The activators help to promote the pozzolanic reaction between
lime and fly ash by assisting in the formation of C-S-H, ettringite, and mono-sulphoaluminate, which
all help to improve early and 28-day strength.

Sassoni et al. (2014) [33] proved that hemp concrete, which was made with a patented binder, had
exceptional mechanical properties. A reactive vegetable protein in a flour-like form, MgO, MgSQ0, or
MgCl; solution were used to make the binder. While Sassoni et al. (2014) [33] did not disclose anything
on the curing time or kind, the manufacturing method was briefly covered. Pantawee et al., (2017)
[34] looked into the use of aluminium sulphate Al>(SO4)s in hemp concrete. It was observed that adding
Al;(SO4); to composites improved their compressive strength, and that increasing the amount of
Al;(S04); in the matrix expedited the setting and hardening of the matrix.

Magnesium-based binders can also be used to increase the strength of hemp concrete by replacing
lime. Magnesium binders have a substantially higher compatibility with organic fillers than calcium
binders [35]. During the mixing process, the calcium binders create an alkaline environment, allowing
lignin and other organic components to be released from bio-based products. The setting of lime is
slowed as a result of this [36]. There are two types of magnesium-based binders: magnesium
oxychloride cement and magnesium phosphate cement. The amount of chemicals added to the
combination, the hardening conditions required, and the material's eventual properties all alter.
Despite the fact that they are not new, these binders have received far less attention than lime.
Nonetheless, both magnesium binders are feasible alternatives to lime binders due to their great
strength, fire resistance, and compatibility with organic aggregates [37-39].



Studies on the use of lime mixed with pulverised fuel ash, ground granulated blast furnace slag (GGBS),
metakaolin, silica fumes, pumicite, and clays in hemp concrete have been conducted. Walker (2013)
[27] found that adding about 25% of hydraulic and pozzolanic material increases performance. Walker
(2013) [27] tested nine different pozzolans for their reactivity with hydrated lime in their hempcrete
investigation, all of which were readily available in and near Ireland. Calcium silica hydrates are the
compounds that contribute to the strength of lime-pozzolana concrete, according to their research.
The hydrated lime, on the other hand, exhibited a better reactivity with GGBS and metakaolin than
the other products, such as pulverised fuel ash.

Activators such as sodium sulphate (Na;SO4) and calcium chloride can be used to increase the
reactivity of lime and PFA (CaCl,). The activators improve the pozzolanic reaction between lime and
PFA by assisting in the synthesis of C-S-H, ettringite, and mono-sulphoaluminate, all of which improve
early and 28-day strength. Walker (2013) [27] made hemp concrete from binders with the following
compositions:

Lime-Metakaolin: 80% calcite + 20% metakaolin, and 80% calcite + 20% metakaolin + 0.5 percent
methylcellulose

Lime-GGBS: 70% lime + 30% GGBS, and 70% lime + 30% GGBS + 0.5 percent methylcellulose

3. Mechanical properties
3.1 Density

The density of hemp shivs is lower than that of typical concrete aggregates. Hemp concrete, as a result,
has a far lower density than normal concrete. Almost all of the time, ordinary OPC concrete has a
density of 2400 kg/m3.This is true regardless of the concrete's grade. Hemp concrete comes in a variety
of densities. Table 1 shows the density of hemp concrete as reported by several investigations. As can
be observed, there is a wide variety of density. The mass composition of composites determines the
product's mass, which is why there is such a wide variation.

The density of a product, according to Ohmura et al. (2002) [40], is determined by the product's spatial
orientation in the volume. In the case of hemp concrete, both the material composition and the
manufacturing process are altered. As a result, the density varies. The density is also affected by
compaction. As a result, higher-density hemp concrete has a higher strength. The quantity of humidity
trapped in the walls has an effect on density as well, though only to a minor degree. The thermal
performance of hemp concrete is heavily influenced by density fluctuations. Sinka et al. (2014) [41]
conducted studies that back up this claim. The thermal conductivity of hemp concrete increases by
0.005 W/m.K, according to the authors for every 50 kg/m? density gained.

Table 1: Density of hemp concrete

Binder Composition Density (kg/m3) Reference
NA 850 [42]
Natural Hydraulic Lime 460 [43]
NA 610 [44]
Commercial pre-formulated lime-based binder 270 [45]
Patented MgO based binder 330 [33]
60% Dolomitic Lime + 40% Metakaolin 540 [41]
Hydrated Lime 377 [31]
Hydrated Lime + Pozzolanic additive 508 [46]
MgO-cement 1040 [47]




3.2 Compressive strength

Murphy et al. (2010) [48] investigated the mechanical characteristics of hemp concrete made from
commercial binders and hydrated calcitic lime. According to the data, composites created with
commercial hydraulic binder had higher final compressive strengths than those made with calctiic
lime. Increasing the binder concentration in hemp concrete increases the compressive strength,
according to Murphy et al. (2010) [48]. (Fig. 1). CL90H10 denotes ten percent hemp; CL90H50 denotes
fifty percent hemp; CL90H75 denotes seventy percent hemp with ninety percent calctic lime binder;
TH10 denotes ten percent hemp; TH50 denotes fifty percent hemp; TH75 denotes seventy percent
hemp with Tradical® binder.

O'Dowd and Quinn (2005) [49] minimal effect on compressive strength. The authors produced hemp
concrete with compressive strengths ranging from 0.65 to 1.9 MPa. The compressive behaviour of
hemp concrete was investigated by Tronet et al. (2014) [50]. The mechanical properties of hempcrete
blocks are improved when the binder proportions are limited. According to Jami et al. (2016) [51] the
characteristics and mix proportion of the binder employed for the formulation determine the strength
of hardened hemp concrete.
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Fig. 1: Compressive strength development of hemp concrete [48]

Compaction significantly boost the compressive strength of hemp concrete, according to researchers
[52]. This method not only improves the material's mechanical strength by reducing the amount of
binder used, but it also improves its ability to resist deformation before failure. Elfordy et al. (2008)
[53] have also confirmed this. There is a link between density, compressive strength, and compaction,
according to the experts. They reported that a mix with a higher density had higher compressive
strengths, demonstrating a link between density and compaction.

The effect of binder type on mechanical strength of hemp concrete was examined by Walker et al.,
(2014) [54]. Early strength development is aided by increasing binder hydraulicity; yet, regardless of
binder type, all concretes acquired identical compressive strengths after one year. Cigasova et al.
(2014) [55] reported that hemp concrete with a MgO-based binder had a compressive strength of
roughly 2 MPa. Hemp concrete mixes with compressive strengths ranging from 0.2 to 0.5 MPa were
created by Evrard (2003) [56]. Arnaud et al. (2006) [57] found values ranging from 0.4 MPa to 1.2 MPa.
According to Walker (2013) [27], compressive strength can be 0.2 MPa after 28 days and 0.4 MPa after
a year.
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Haik et al. (2017) [58] investigated hemp lime mixes in a 1:2 hemp-lime ratio, with two samples
generated by substituting Israeli clay for 50% and 90% of the lime, respectively. Compressive strengths
of 90 percent clay, 50 percent clay, and 0 percent clay mixes were 0.07 MPa, 0.09 MPa, and 0.04 MPa,
respectively. According to the findings, a 50% substitution of lime for clay resulted in the formation of
hydraulic compounds, which improved the strength marginally. Ngo et al., (2020) [59] did research on
designing a soil concrete utilising hemp. The influence of clay and hemp amounts on soil concrete was
investigated by the authors. Figures 2—4 depict the effects of clayey soil and hemp fibres on
compressive strength after 7, 28, and 180 days of curing at 20°C and 90-100% relative humidity. After
7 days, the data shows a standard deviation of less than 0.025 MPa, which is around 4%. The
differences in sandy and clayey soil influence this variation. It is also affected by the porous multi-scale
structure [60]. After 7 days, the compressive strength drops somewhat with the addition of clayey soil,
ranging between 0.6 and 1.2 MPa (Fig. 3). After 28 days, the compressive strength varies between 1
and 2.4 MPa, and after 180 days, it varies between 2.5 and 5 MPa (Figs. 3 and 4). However, the
influence of clay percentage on compressive strength is low when the volume fraction of clayey soil is
increased from 20% to 40%. (less than 0.3 MPa). Once the compressive strength has stabilised at 180
days, the effect is minor. The compressive strength of soil concrete with 0% clayey soil falls after 7,
28, and 180 days when fibres are added. At 28 and 180 days, the effect is more obvious (about 0.8
MPa of variation). When clayey soil is added, however, the influence of fibres is only slightly different.
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Fig. 2: Effect of clayey soil and fibres on the compressive strength at 7 days [59]
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Fig. 3: Effect of clayey soil and fibres on the compressive strength at 28 days [59]
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Fig. 4: Effect of clayey soil and fibres on the compressive strength at 180 days [59]

Only 1.2 percent of the fibre has any effect at 28 and 180 days, when the compressive strength drops
by roughly 0.5 MPa. Reduced density, changes in soil concrete structure, intergranular void and pore
dispersion, all of which produce voids and discontinuities, may all contribute to fibres' detrimental
impact on compressive strength [61]. Fibres used as reinforcement in soil concrete specimens have
been found to reduce lateral strain during compressive loading [62], which could account for the
ductility shown in soil concrete with fibre stress-strain curves. The greater friction angle at the shear
cracking surface could be due to fibres [63]. When it comes to the behaviour of hemp concrete under
compression, it's vital to remember that it responds linearly and elastically until it reaches 10% strain.
As a result, when researching the behaviour of hemp concrete under compressive pressure, several
researchers terminate studies at 10% strain [26, 34]. Hemp concrete's low strength prevents it from
fully supporting roof loads, although when formed over standard timber wall framing or double-stud
framing, it does play a limited structural function in the construction

3.3  Flexural strength

According to Abbott, the commercial hempcrete product from The Limecrete Company Ltd has a
flexural strength of 0.30-0.40 MPa (2014). Over a 90-day period, Murphy et al. (2010) [48] examined
the flexural strength of various hemp composites (Fig. 5). At varied volumetric lime-hemp ratios, the
composites were prepared with hydrated lime and commercial binder with hydraulic and pozzolanic
additives (1:9, 1:1 and 3:1). Flexural strength was observed to improve by 25% to 50% when the binder
content was raised by 25% to 50%. The flexural strength was almost unaffected by increasing the
binder percentage to 90%. This suggests that the lime-hemp linkages may contribute to the mix's
flexural strength. The commercial composites have much higher flexural strength than the CL90-made
composites. After 28 days, the flexural strength of composites manufactured with 75% hemp and
Tradical® binder was 1.20 MPa and 1.19 MPa, respectively. In terms of composition and density, these
values are identical to the hempcrete blocks studied by Elfordy et al., (2008) [53]. With the exception
of the TH50 specimen, all samples had reached more than 90% of their complete 90-day flexural
strength by 28 days.



Due to the earlier development of hydraulic products, commercial samples reached early flexural
strength slightly earlier than CL90s samples. The samples with a high hemp level increased their
flexural strength far more slowly than those with a low cannabis percentage. The flexural strength of
TH75 and CL90OH50 decreased slightly between 28 and 90 days. The production of hydration products
was blamed for the loss in flexural strength in hydraulic binder mixes after 28 days.
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Fig. 5: Flexural strength development of hemp concrete [48]

Hemp fibres were studied to see how they affected the flexural strength of lime, cement, and gypsum
binders in several investigations [64, 65]. The load is initially held by the matrix, but if macroscopic
damage develops, the load is moved to the matrix-fibre interfaces, resulting in stiffening reduction
and a slight increase in stress uptake. When the peak load is attained, unlike brittle composites, the
load steadily diminishes. The matrix/fibre bonds are gradually failing, which causes this.

4. Thermal Properties

The structure of hemp shives is anisotopic. As a result, in the perpendicular direction of compaction,
hemp concretes might have up to 30% greater thermal conductivity [66] (See Fig. 6). The orientation,
compaction, and application procedure used to optimise the mechanical properties of hemp concretes
might also alter their thermal conductivity [67]. The choice of binder has little effect on the thermal
properties of hemp concretes created with different formulae, but it can have a substantial impact on
the mechanical performance [52].
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Fig. 6: (A). Relationship between conductivity of hemp shives and degree of saturation [66]. (B).
Relationship between compressive strength and thermal conductivity of hemp shives [52].

Thermal conductivity increases with moisture and temperature, whereas mechanical properties
improve with density [68-71]. Organic binders, such as sapropel, can also be used to achieve decreased
thermal conductivities [72]. A recent investigation of a hemp concrete with a silica sol binder [73]
indicated that it has a thermal conductivity of 0.05 W/mK, similar to hemp shives, while preserving
mechanical strength. Smaller particle size hemp shives improve the mechanical strength of hemp
concretes while having no effect on heat conductivity [74]. Thermal conductivities were found to be
lower with smaller particles in a hemp plaster [21]. More research is needed to explain why. The
application of hemp-plaster coatings may be influenced more by the orientation of anisotropic
aggregates than by the use of smaller particles. U-values alone are not an appropriate measure for
evaluating the thermal performance of hemp-lime concretes, according to research conducted on
walls exposed to real-world weather conditions. Q24h, as well as other dynamic features, should be
assessed for this [75].

Hemp concrete is a semi-structural insulation material that can be used to bridge the gap between
standard insulation panels and structural walls [76], as well as to manage thermal comfort through
passive solar energy gain [77]. Anomalies in the plant materials themselves could explain the
disproportionally wide range of specific heat values found in the existing body of literature for hemp
concretes with comparable densities. The introduction of other measurement methods or issues with
measurement procedures could have resulted in such substantial discrepancies between the same
type of binder and commercial hemp shives. For densities of 300 kg/m?3, specific heat values recorded
in different publications ranged from 300 to 1700 J/kgK [76]. Thermal insulation and reaching thermal
conductivity values as near to those of the shive material have been the focus of work in the previous
decade. Also, according to the climatic needs of the regions where hemp construction originally
developed, this should be comparable to traditional insulation materials, with the added benefits of
hygrothermal performance and water vapour permeability.

A research of a hemp concrete wall indicated that adding a larger thermal inertia component helped
reduce overheating in summer temperatures in different regions of France [78]. This illustration shows
how concrete compositions must be adjusted to the climate in which they are used. Low thermal
diffusivity is necessary to slow the transmission of external heat, whereas high thermal effusivity may
enhance the amount of stored energy. Because it is difficult to make hemp concrete that meets both



criteria, layered hemp concrete walls could be a good way to adapt this material to different
environments. The hot wire and GHP thermal conductivity are compared to published values in Fig. 7
[79]. The fundamental approaches of the various authors are color-coded. These are green means hot
box, light blue means hot ring/hot plane, dark blue means hot wire and red means GHP. Some authors
distinguish between heat fluxes that are parallel to the aggregate (labelled "parallel" in Fig. 7) and
heat fluxes that are perpendicular to the aggregate (labelled "perpendicular" in Fig. 7).

0.20
— 2 A
¥ 0.16 - }
<’ gt 4
il X -, &
=~ _ *
= e %1 § * & Ai ; - =
2 1 = s ° A - & A
=2 i o " °% o : A
© 0.08 - L8E w o A
=3 A A
©
: .
S
— 0.04 -
(1]
£
Q
=
I_ 0-00 T T T T T T T T T T T T T T T T T

250 300 350 400 450 500 550 600 650 700
Dry density (kg.m™)

¢ GHP @ Hot-wire

= (Dinh, 2014) Parallel [23] + (Collet, 2004) (hot-wire) [17]

B (Dinh, 2014) Perpendicular [23] ¢ (Collet, 2004) (hot-ring) [17]

A (Nguyen et al., 2010) Parallel [44] 4 (De Bruijn et al., 2013) (15%RH) [21]

A (Nguyen et al., 2010) Perpendicular [44] # (Nozahic 2012) Parallel [45]

= (Evrard, 2008) [27] ¢ (Nozahic, 2012) Perpendicular [45]

4+ (Rahim et al., 2016) [48] ® (Pierre et al., 2014) Parallel [46]

© (Cerezo, 2005) [16] @ (Pierre et al., 2014) Perpendicular [46]
(Walker and Pavia, 2014) [60] = (Gourlay et al., 2017) [32]

X (Collet and Pretot, 2014) [19]
Fig. 7: Relationship between thermal conductivity and dry density [79]

Figure 8 depicts the effect of temperature on thermal conductivity. The data reveal that thermal
conductivity increases linearly with temperature. Kqr, increases by 12% between 10 and 40 degrees
Celsius. As previously demonstrated experimentally [80, 81] k(T) = 0.0004 T + 0.0948 for hemp
concrete, there is a linear relationship between thermal conductivity and density. In "parallel"
configuration, the rise in thermal conductivity with temperature of the examined material recorded
by Pierre et al., 2014 [80] and Rahim et al., 2016 [81] is twice as great, while in "perpendicular"
configuration, it is close to Pierre et al., 2014 [80]. The thermal conductivity as a function of humidity,
as measured by the hot wire instrument, is shown in Fig. 9.
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Thermal conductivity rises almost linearly with water content, according to Gourlay et al., (2017) [82],
although thermal diffusivity and specific heat capacity evolve in distinct ways. The influence of
formulation, density, and water content on the thermal conductivity of hemp concretes was examined
by Collet and Pretot (2014) [83]. Experimental observations and self-consistent scheme modelling are
used in the research. At (23 °C; 50% RH), the thermal conductivity of the materials examined ranged
from 90 to 160 mW/(m K). The influence of density on thermal conductivity is far greater than that of
moisture content. When the density is increased by 67%, the thermal conductivity increases by
roughly 54 percent, but it increases by less than 15-20 percent from dry condition to 90 percent RH.
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5. Acoustic properties

Hemp concretes' acoustic properties are determined by their porous structure. The sound absorption
coefficient of hemp concretes decreases dramatically as they are rendered. Hemp concretes that have
not been rendered have varied absorption qualities. The type of binder, formulation, and production
techniques all play a role. They do, however, have an average sound absorption of 40-50% [84] over
a wide frequency range. The surface permeability, which varies based on the texture, influences the
absorption coefficient (a). This can range from 0.3 to 0.9 depending on the binder dosage and
frequency [85].

Furthermore, as long as the material is less than 20 cm thick, absorption peaks at low (f ~400 Hz) and
medium (f ~1200 Hz) frequencies can be seen. When compared to other construction materials
studied under similar conditions, the results found by this author [85] were promising. With increasing
binder concentrations, the amplitude of the peaks and the width of their bands diminishes as the pore
size shrinks. Sound absorption was higher in concretes made with smaller hemp shives [77] (Fig. 10)
and concretes made with lime-pozzolanic binders than in hydraulic binders [84].

The magnitude of absorption peaks above 500 Hz increased as the wall thickness grew. As a result,
the frequencies of the peaks have changed to lower frequencies. Low-density formulations exhibit a
net shift in absorption peaks towards lower frequencies, as well as some stabilisation as thickness
increases. The first absorption peak in the medium density formulations shifts in frequency, whereas
the second peak stabilises until a consistent absorption level of 500 to 2000 Hz is obtained.
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Fig. 10: Relationship between sound absorption of hemp shiv and various sizes of the particles and
degree of compaction [77].

As the frequency of high-density formulations increases, absorption decreases steadily [85]. Recent
research has revealed that the amount of hemp aggregate in the concrete determines acoustic
performance the most, with binder type having little effect (when comparing clay and lime) [86]. In
hemp concretes including either of these binders, a very absorbent initial peak forms between 500
and 1200 Hz below 375 kg/m3, with only minor differences in the absorption peak widths, indicating
increasing hemp-lime roughness. The manufacturing process appears to be the most critical



component in acoustic behaviour up to a density of 500 kg/m3, while transmission loss increases as
density reaches 500 kg/m?3. Due to its higher binder density, hemp-clay has a higher air resistance than
hemp-lime. By altering the pore size distribution, further retting and ageing can influence the hemp
aggregate's acoustic absorption performance [70]. Hemp shives swell up as they age due to exposure
to real-world weather conditions. Acoustic absorption was shown to be significantly influenced by
open porosity.

6. Hygrothermal performance

Hemp concrete is a green building material because of its capacity to regulate heat, moisture, and
relative humidity, as well as its low embodied carbon. It has a high moisture diffusion coefficient and
water vapour permeability of around 2.3 x10-11 kg/(Pa.m.s) for low to mid relative humidity and is
practically constant. The moisture buffer value (MBV) of hempcrete is 2 g/(m?2. percent RH) (mZ.
percent RH), while the MBV of concrete is 0.37 0.04 g/(m?. percent RH) (m?2. percent RH) [87, 88].

When a material is repeatedly subjected to various degrees of relative humidity, MBV refers to its
ability to accumulate or release moisture. The ability of a substance to modify ambient relative
humidity is proportional to its moisture buffer value. Under outdoor climatic conditions, Piot et al.
(2017) [89] evaluated the hygrothermal behaviour of a wall composed of a proprietary hempcrete mix
with a dry density of 350 kg/m3. A computer model was used to calculate heat conduction and storage,
as well as vapour diffusion, liquid capillary movement, and moisture storage.

The hempcrete wall's overall dryness was observed to be affected by the external rendering chosen.
Hempcrete's hygric inertia causes "perennial moisture" within the wall, which is bad for the building's
heat conductivity and durability on two fronts. The authors also found that using a water-absorbing
outside coating or plaster improves the thermal conductivity of hempcrete walls by making them more
conductive. Figure 11 depicts the link between relative humidity and a hempcrete wall's thermal
capacity. As a result, whereas thermal bridges caused by mortar joints boost heat fluxes, moisture
transport suppresses them when humidity is high. The amount of suppression caused by moisture
migration, on the other hand, is uncertain [90, 91].
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Fig. 11: Relationship between relative humidity and thermal capacity of hemp concrete [92].

The experimental hygric characterisation of hemp concrete is still up for debate. As a result, the
chosen parameter and/or measurement method may differ depending on the author. There are
numerous approaches to characterise moisture transfer phenomena when dealing with high humidity
levels, for example. Hemp concrete should be used to fill a timber frame and protected from liquid



water with cladding and a capillary barrier because it is not a structural building material. As a result,
hemp concrete should not be exposed to extremely high humidity in routine use. The sorption
isotherm, water vapour permeability, and sometimes a value based on capillary absorption are all
hygric qualities that have been extensively studied in the literature on bio-based building materials.

Several tests were conducted at various scales to evaluate the hygrothermal behaviour of bio-based
materials such as wood fibre materials [93] and hemp concrete [94, 95]. The findings were utilised to
evaluate numerical heat and mass transfer models [96, 97]. The water content, temperature, and
relative humidity inside the examined media exposed to controlled boundary conditions can all be
measured using these experimental methods. The calculated and measured outcomes are frequently
in sync. However, most tests are carried out in controlled temperature and relative humidity
environments, which may not fully reflect hygrothermal behaviour in real-world uncontrolled
situations with more complex simultaneous heat and mass transfer phenomena.

7. Durability properties

Another characteristic of hemp concrete that has received little attention is its durability. Except for
freeze-thaw, the few studies that have looked into hemp concrete suggest that it works well in most
cases. Hemp concrete must be strengthened against freeze-thaw and cycle wetting and drying with a
good grade, suitable hydraulic binder. When it comes to the production of mould as a result of
moisture, there is some ambiguity.

Despite the fact that more research on termites' influence on hemp or hemp concretes is needed, a
study using hemp shives treated with mineral oxides found that termites could traverse the material
but did not survive long [98]. One of the few examples of weather exposure tests in buildings
constructed using unrendered hemp concretes is a tower finished in Switzerland in 1999 [99]. The
tower referred to here is actually a block if flats in Yverdon-les-Bains which have been given an
external insulation layer of hemp lime and a protective coating of linseed oil, so althoug it is indeed
‘unrendered’ it is not unprotected. Hemp concretes made with "quick" natural cement and treated to
accelerated ageing by 8 wetting/drying cycles at 30 °C over 75 days, there were no differences in
thermal conductivity or acoustic characteristics [100] (For more detail, see Fig. 12.)
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Fig. 12: Comparison of sound absorption before and after W/D cycles [100].



Mould formation was only discovered on the same concrete samples when the relative humidity (RH)
reached 98 percent and the pH dropped below 10. Unlike hemp concretes, loose hemp shives
deteriorated severely under real-world weather conditions following two years of wetting/drying
cycles at 30°C (every 5 days under RH 95 percent, followed by 2 days under RH 40 percent) [70]. The
cellulose and lignin content of the shives decayed in the laboratory, while the hemicellulose content
remained unchanged. Real-world weather circumstances caused more severe decay, including
hemicellulose breakdown, as well as a far larger mass loss of 35.9% compared to 24.2 percent in the
lab.

Water vapour sorption was found to be influenced by mass loss, volume fluctuations, and increased
open porosity. These effects were more noticeable in shives exposed to real-world environmental
conditions, as pore size changes were greater. Although the binder protects the material from
microorganisms that could degrade the microstructure of the hemp shives, it also needs to be
protected from capillary absorption and excessive rain. Although capillary absorption decreased over
time in all specimens prepared with aerial lime, hydraulic lime, or Portland cement, it can be slowed
by increasing the hydraulicity of the binder and adding a water retainer [101].

Hemp concrete samples were put through a 25-freeze-thaw cycle test in Sweden, which included 12
hours at +20 °C and 12 hours at -20 °C [102]. Prior to the freeze-thaw cycles, a cement-lime
formulation generated the best mechanical results, but thereafter, a pure cement binder formulation
produced the best results, indicating that the test aided rather than impeded mechanical
performance. According to recent research [103], during a long-term durability test, alkali-tolerant
fungus and bacteria developed on various hemp-lime plaster samples.

Furthermore, the amount of the material and its appearance remained unaltered in most samples,
with the exception of minor mass uptake after heavy rain and yellowing of exposed surfaces.
According to this and previous studies, salt weathering did not affect any of the samples in the long
run [106]. Hemp concrete walls that have not been properly dried before being rendered with lime
mortars might have chromatic changes as well as microbiological, textual, and morphological
disorders. Clay-bounded hemp concrete supports show more of these characteristics than lime-
bounded hemp concrete supports. Natural hydraulic lime renders, on the other hand, are less prone
to deterioration than aerial lime renders [104]. (Fig. 13).
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Fig. 13: Colour difference (AE*) of hemp—lime samples during and after Mediterranean (Csa) Tropical
(Af) and Semi-arid (Bwh) weathering tests [104].

Walker et al. (2014) [54] investigated the mechanical characteristics and durability of hemp-lime
concrete mixes made with commercial binders as well as binders made from lime, GGBS, and



metakaolin. Due to mass loss during the freeze-thaw cycle, hemp concretes were shown to have low
freeze-thaw resilience. The compressive strength of the material was reduced as a result of this.
Because the wide pores prevented crystallisation, the hemp concretes were resistant to sodium
chloride salt exposure. Despite repeated hedging, it was revealed that biological deterioration was
non-existent due to a shortage of nutrients to fuel microbial development.

Delannoy et al., (2018) [105] studied the behaviour of hemp shiv over the course of two years in three
different environments: a reference environment, accelerated ageing settings based on
humidification and drying cycles, and external ageing. The possible evolution of particle functional
characteristics is tracked through time and in relation to ageing conditions. For both storing settings,
the study found that there was no variation for the reference circumstances, but four ageing processes
may be observed for accelerated and external ageing conditions: mass loss, particle volume
fluctuations, and aggregate porosity opening. The last one is a change in pore size distributions, which
is only seen with external age.

Benmahiddine et al. (2020) [107] employed Thermogravimetric analysis (TGA) to determine the
distinct breakdown phases of hemp concrete using weathered and unweathered hemp shives and
binder. The goal was to compare the different stages of hemp concrete before and after it had aged.
Figures 14(a) and 14(b) illustrate the TGA and dTG curves of weathered and unweathered hemp
shives, respectively. Figure 8(b) demonstrates that between 50 and 150 °C, a phase shift peak in hemp
shives occurs, which corresponds to free water evaporation. A substantial peak owing to cellulose
breakdown can also be seen between 300 and 380 °C [108]. The shoulder upstream of this huge peak,
around 250 °C, is typical of hemicellulose thermal depolymerisation. Furthermore, the TGA curve in
Fig. 14(a) demonstrates that weathered hemp shives lose somewhat more mass than the control. The
peaks, on the other hand, appeared at the same temperatures but with slightly different amplitudes,
showing that the amount of dehydrated molecule in issue varied.

Similarly, Fig. 15 compares the TGA and dTG curves of weathered and unweathered binder. Figures
15(a) and 15(b) show TGA and dTG curves that are nearly identical in look and behaviour, with modest
changes in peak amplitudes. The temperature ranges of these peaks are also equal. Between 100 and
400 °C, the first peak corresponds to free water leaving the pores and water chemically linked to C-
S—H hydrates in continuous form [109]. A second peak was discovered at 480 °C. The latter is due to
Ca(OH); dehydroxylation. Finally, between 750 and 850 °C, a final peak occurred. This is caused by
CaCOs decarbonation
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Baduge et al., 2019 [110] investigated the effectiveness of three different types of cenosphere as a
lightweight supplemental cementitious material for alkali-activated binder in carbon-negative hemp-
concrete for non-load bearing applications. The mechanical performance of hemp concrete exposed
to three temperatures: room temperature (RT), 300 °C, and 600 °C is investigated using mechanical
testing, thermogravimetric analysis (TGA), and Fourier-transform Infrared Spectroscopy. According to
the study, alkali activated cenosphere binders could be a long-term replacement for lime. Figure 16
shows an image of hemp concrete blocks prepared for compressive strength testing.



Fig. 16: An image of hemp concrete blocks prepared for compressive strength testing

8. Environmental sustainability

Ip and Miller, 2012 [15] investigated the hemp concrete wall's life cycle impact. The hemp concrete is
closed in both circumstances, and the timber frame is considered. The average lifespan is over 100
years. The composition of the wall (hemp concrete density, thickness, and wood frame) as well as the
settings and methodologies used in these researches varied (France and UK). The results all point to
the same conclusion. Because hemp concrete allows for carbon storage, it has been shown to have a
positive environmental impact (according to Ip and Miller, 2012[15]: 82.71 kg CO,eq. per square metre
of wall).

Plant fibres are less expensive than synthetic fibres and are frequently available locally due to low
processing costs. Hemp production uses only 11,400 MJ/ha of energy, which is around half of what
other similar crops require [111]. Crop rotation and organic farming could help to mitigate the
negative features of hemp growing, such as the usage of land and fertilisers [112]. Carbon emissions
per kg of hemp shive production range from 0.085 to 0.19 kg of CO; [113], while this is more than
offset by 1.5-2.1 kg of CO; sequestration during growth [21].

Because of the carbon dioxide storage in the plant-based aggregate, hemp concrete has a normally
positive balance in its climate change indicator [114, 115]. Commercial binders, notably Portland
cement, are the most hazardous binders [116]. Several research [115] agree on values of -0.3 to -1.0
kg CO; per kg of hemp concrete as a rough guideline. With a density of 275 kg/m?3, a 1 m? unrendered
30 cm thick hemp-lime formulation sequesters 82.7 kg of CO,. This offsets the 46.4 kg of CO, emitted
by the materials and during processing, allowing for the storage of 36.1 kg of CO, [111].

In a non-load-bearing hemp concrete with a wooden support structure, the lime binder consumes 49
percent of primary energy, 68 percent of water, and emits 47 percent of air pollution [112]. Although
calcitic lime (CL) can absorb up to 90% of the 0.7 kg of CO, per kg of lime [111], the CO2 may not be
reabsorbed by carbonation in the same proportion as in mineral aggregate mortars due to the setting
difficulties that are typical in plant-based concretes [117]. This was not taken into account in the life-
cycle assessments of the hemp-lime concretes we looked at. A design that considers low-impact



binder types [118], material transportation, dosage, building method, and application technology
[119] is crucial in deciding the ultimate carbon footprint of hemp concrete. Because more binder is
required, a hemp-lime plaster formulation can have a greater impact than a sand-lime coating [128].

Despite the fact that plant-based building materials have a favourable overall balance in all phases of
their life cycle [112] and have a positive health impact [120], one obvious disadvantage is their higher
price when compared to the traditional materials that currently dominate the market [112]. This is
why, at the moment, only a small fraction of customers choose plant-based goods because of their
ecological and environmental benefits, as well as their energy-saving properties. According to the
OECD, the building industry accounts for 10% of global PIB and 28% of employment, and has a
substantial environmental impact. Only the implementation of correct laws that support the
development and promotion of new, plant-oriented economies can bring about changes in the
construction sector

9. Applications of hemp concrete

Because hempcrete lacks the strength required for foundation building and is instead supported by
the frame, it has been used to construct non-load bearing insulating infill walls in France since the
early 1990s, and more recently in Canada. Hempcrete has also been used to repair old stone and lime
structures. In France, hempcrete is still frequently utilised, and its popularity is growing year after year.
Hempcrete has become a growing innovation in Ontario and Quebec, following France's lead in the
organic construction technologies industry. Hempcrete is being implemented using two basic
construction approaches. The first method involves casting or spraying hempcrete directly on the
construction site using moulds.

The second approach involves stacking prefabricated blocks that are carried to the job site,
comparable to masonry construction. For aesthetics and durability, drywall or plaster is placed once
the hempcrete technology has been constructed between the timber framing. The compressive
strength is typically around 1 MPa, or about 5% of the compressive strength of residential concrete. It
is excellent for use in earthquake-prone areas because it's a low-density material that doesn't crack
when it travels. Because hempcrete has a density of 15% that of ordinary concrete, it must be used in
conjunction with another material in building construction to support the vertical load.

The vast majority of hemp fibres are only available in dry form. These days, loose wools for hand [121]
or sprayed application [122] are difficult to come by. Bark fibres are commonly used to make
rectangular, thermo-welded insulating panels for roofs, attics, walls, and suspended ceilings. 85-90%
hemp fibre, 8-10% polymeric PET-based fibres, and 2-5% soda as a fire retardant make up the final
product [123]. Plant-based binders, such as corn starch, are sometimes used to make these insulating
panels [124]. Thermal characteristics are available as panels (or rolls) with densities ranging from 25
to 45 kg/m3 [125]. About 40% of semi-rigid, thermo-welded insulating panels with densities of 90-100
kg/m?3 [126] are made up of hemp fibres, hemp shives, and PES-binder. After being connected to the
facades, they are rendered with specially prepared mortars. Nonwoven felts made of 75% hemp and
25% recycled jute fibre are used as a levelling and acoustic underlay for flooring and to buffer impact
between hard surfaces. Hemp-fibre reinforced composites are made with thermoplastics like
polypropylene and polyethylene, as well as thermoset fibres like polyester. Plant-based resins from
soy, canola, or corn can now be used to create 100 percent bio-composite products.

Automobile interior substrates, furniture, and other consumer products are examples of typical
applications [127]. Hemp fibre reinforced composite sandwich panels have lately been developed for
facades, building skins, and curtain walls [128]. Larger hemp shives are crushed in slabs after being
combined with dry soil. When mixed with dry soil and softly compressed, larger hemp shives produce



a practical, loose filling material, whereas dust-free hemp shives make a practical, loose filling
material. Hemp shives, on the other hand, are commonly employed in the creation of concrete and
mortar. Lightweight hemp concretes have been used in manually cast or sprayed applications for the
past 25 years, with densities ranging from 200 to 840 kg/m3 [86], as well as lower [73, 129] and higher
[130] densities. According to studies conducted in the United Kingdom, the performance difference
between 230 mm and 300 mm walls is negligible.

Hempcrete walls are soundproof, moisture-transmitting, mold-resistant, and fireproof. According to
British/EU regulations, Limecrete, Ltd. (UK) provides a fire resistance rating of 1 hour. In order to use
hemp in construction in the United States, you must first obtain approval. The R-value (heat transfer
resistance) of hempcrete can range from 0.67 to 1.2 cm, making it an excellent insulator (the higher
the R-value, the better the insulation). Hempcrete has a porosity range of 71.1 percent to 84.3 percent
by volume.

10. Concluding remarks

The authors believe that hemp concrete is close to being mature enough to be accepted by the
mainstream construction industry, and that bio-aggregate based concretes should be included in all
countries' building laws. According to the research, hemp concrete has the potential to have a positive
impact on future built environments by lowering carbon emissions. The commercial success of hemp
concrete will be determined by the research findings related to the highlighted research gaps.

According to the researchers, other types of hemp concrete, such as sandwich panels, modular
systems, fillers for filler slabs, and so on, should be researched. The bottom line is that hemp concrete
is a versatile green building material that can be adapted for a range of uses, according to the
published literature. Only modest modifications in the composition and production procedures, on
the other hand, result in a large number of variances in the final product. In any event, the end product
must have sufficient mechanical strength, minimal heat conductivity, high environmental credentials,
and sufficient durability.

The authors advocate utilising new terminology (for example, bio-based materials with carbon capture
and storage (BMCCS)) to emphasise the carbon capture and storage capabilities of materials like hemp
concrete in order to increase acceptance and visibility. This carbon sequestering material offers
remarkable temperature and moisture management characteristics when utilised correctly. Its
adaptability simply adds to its appeal. Hempcrete construction is currently only practised by a small
number of persons in the United Kingdom. More workers need expert training, government policy
should support the use of carbon sequestering materials, and more research comparing its efficacy to
normal approaches is needed.

The low rate of compressive strength is perhaps the most significant disadvantage of hemp concrete.
Hempcrete has a compressive strength of 3.5 MPa at its maximum. Concrete's lowest compressive
strength, on the other hand, is around 17 MPa. As a result, hempcrete cannot be used in load bearing
structures.

Based on the review of the works on hemp concrete, following areas have been identified for further
research:

e Physical treatment of hemp and lime-pozzolana combinations has yet to be investigated. It
aids in the improvement of the end product's mechanical strength.



There are very few studies that focus on increasing the mechanical performance of hemp
concrete. Only the mechanical characterisation of hemp concrete is currently being
investigated. Theoretical compressive strength predictions have yet to be proven accurate. It
is necessary to develop equations for predicting the same.

There is an unresolved question regarding the microbiological aspect of hemp concrete
durability. Hemp concrete's decomposition mechanisms need to be investigated further.
While there have been studies on the mechanical qualities of lime-pozzolana-based hemp
concretes, their combination with compaction or pre-compression of the mix is rarely
investigated. The majority of the studies were conducted in Europe, and because building
materials are a locally sourced commodity, they must be validated in the location where they
will be used.

Because hemp concrete is ductile and can withstand a greater amount of strain before failing,
its energy absorption properties should be investigated for use in the structural design of
earthquake-resistant structures. This research could potentially aid in the discovery of new
LHC applications.

References:

1.

10.

11.

12.

13.

14.

EC, 20% energy savings by 2020 — Memo, European Commission - Directorate General for
Energy and Transport, 2005.

IEA, Annex 31, Energy-Related Environmental Impact of Buildings, Energy Conservation in
Buildings and Community Systems, Int. Energy Agency (2001).

EIA, Annual Energy Review, Energy Information Administration, Washington DC, 2005.

M.P. Laurenzi, Building Energy Efficiency. An Asia Business Council Book, 2007.

H. Gabay, |.A. Meir, M. Schwartz, E. Werzberger, Cost-benefit analysis of green buildings: An
Israeli office buildings case study, Energy Build. 76 (2014) 558-564.

N. Huberman, D. Pearlmutter, A life-cycle energy analysis of building materials in the Negev
desert, Energy Build. 40 (5) (2008) 837-848.

N. Huberman, D. Pearlmutter, E. Gal, I.A. Meir, Optimizing structural roof form for life-cycle
energy efficiency, Energy Build. 104 (2015) 336—349.

C. Mayer, The greening of the concrete industry, Cem. Concr. Compos. 31 (2009) 601—-605.
V.M. Malhotra, Role of supplementary cementing materials in reducing greenhouse gas
emissions, in: Concrete Technology for a Sustainable Development in the 21st Century, E&FN
Spon, London, 2000, pp. 35-226.

I.A. Meir, D. Pearlmutter, Building for climate change: planning and design considerations in
time of climatic uncertainty, Corros. Eng. Sci. Technol. 45 (2010) 70-75.

ILA. Meir, Green technologies in planning and design vis-a-vis climatic uncertainty,
Encyclopedia of Energy Engineering and Technology, 2nd Edition, Taylor & Francis, 2015, pp.
796-803.

R. Bevan, T. Wooley, Hemp Lime Construction: A Guide to Building with Hemp Lime
Composites (Book), IHS BRE Press, 2010.

L. Zampori, G. Dotelli, V. Vernelli, Life cycle assessment of hemp cultivation and use of
hemp-based thermal insulator materials in buildings, Environ. Sci. Technol. 47 (2013) 7413—-
7420.

E.A.J Hirst, P. Walker, K.A Paine, T. Yates, Characterisation of low density hemp-lime
composite building materials under compression loading, in: 2nd International Conference
on Sustainable Construction Materials and Technologies, 2010, pp. 1395-1405.



15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. K. Ip, A. Miller, Life cycle greenhouse gas emissions of hemp—lime wall constructions in the
UK, Resour. Conserv. Recycl. 69 (2012) 1-9.

F. Pittaua, F. Krausea, G. Lumia, G. Habert, Fast-growing bio-based materials as an
opportunity for storing carbon in exterior walls, Build. Environ. 129 (2018) 117-129.

A. Evrard, A. De Herde, Dynamical interactions between heat and mass flows in Lime-Hemp
Concrete, Research in Building Physics and Building Engineering, Taylor & Francis Group,
2006, pp. 69-76.

A. Evrard, Sorption behaviour of Lime-Hemp Concrete and its relation to indoor comfort and
energy demand, in: 23rd International Conference on Passive and Low Energy Architecture,
2006, pp. 1553—-1557.

Paulien Strandberg-de Bruijn, Knut-Hakan Jeppsson, Kenneth Sandin, Christer Nilsson,
Mechanical properties of ime—hemp concrete containing shives and fibres, Biosystems
Engineering 103(4):474-479, 2009A.

Stawomir Pochwata, Damian Makiola, Stanistaw Anweiler, Michat Bohm, 2020, The Heat
Conductivity Properties of Hemp—Lime Composite Material Used in Single-Family Buildings,
Materials, 13, 1011; d0i:10.3390/ma13041011.

Shea, M. Lawrence, P. Walker, Hygrothermal performance of an experimental hemp-lime
building, Constr. Build. Mater. 36 (2012) 270-275.

C. Maalouf, C. Ingrao, F. Scrucca, T. Moussa, A. Bourdot, C. Tricase, A. Presciutti, F. Asdrubali,
An energy and carbon footprint assessment upon the usage of hemplime concrete and
recycled-PET fagades for office facilities in France and Italy, J. Cleaner Prod. 170 (2018)
1640-1653.

G. Costantine, C. Maalouf, T. Moussa, G. Polidori, Experimental and numerical investigations
of thermal performance of a Hemp Lime external building insulation, Build. Environ. 131
(2018) 140-153.

P.B. De Bruijn, K.H. Jeppsson, K. Sandin, C. Nilsson, Mechanical properties of lime—hemp
concrete containing shives and fibres, Biosyst. Eng. 103 (2009) 474—479.

T Jami, S R Karade, L P Singh, 2019, A review of the properties of hemp concrete for green
building applications, J Cleaner Production, Vol. 239, 117852.

H. Wadi, S. Amziane, E. Toussaint, M. Taazount, Lateral load-carrying capacity of hemp
concrete as a natural infill material in timber frame walls, Eng. Struct. 180 (2019) 264-273
Walker, R., 2013. A Study of the Properties of the Lime-Hemp Concrete with Pozzolans.
Trinity College, Dublin.

0. Kinnane, A. Reilly, J. Grimes, S. Pavia, R. Walker, Acoustic absorption of hemp-lime
construction, Construct. Build. Mater. 122 (2016) 674—682.

F. Collet, S. Pretot, Thermal conductivity of hemp concretes: variation with formulation,
density and water content, Construct. Build. Mater. 65 (2014) 612-619.

F. Collet, J. Chamoin, S. Pretot, C. Lano, Comparison of the hygric behaviour of three hemp
concretes, Energy Build. 62 (2013) 294-303.

P. Gle, E. Gourdon, L. Arnaud, Acoustical properties of materials made of vegetable particles
with several scales of porosity, Appl. Acoust. 72 (2011) 249-259.

Walker, R., Pavia, S., 2010. Physical properties and reactivity of pozzolans, and their
influence on the properties of limeepozzolan pastes. Mater. Struct. 44 (6), 1139e1150.
Sassoni, E., Manzi, S., Motori, A., Montecchi, M., Canti, M., 2014. Novel sustainable hemp-
based composites for application in the building industry: physical, thermal and mechanical
characterization. Energy Build. 77, 219e226.

Saksith Pantawee Theerawat Sinsiri Chailaturapitakkul PrinyaChindaprasirt Utilization of
hemp concrete using hemp shiv as coarse aggregate with aluminium sulfate [Al>(SO4);] and




35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

hydrated lime [Ca(OH),] treatment, Construction and Building Materials, Volume 156, 15
December 2017, Pages 435-442

Zhou, X, Li, Z., 2012. Light-weight wood-magnesium oxychloride cement composite building
products made by extrusion. Constr. Build. Mater. 27, 382—-389. http://dx.
doi.org/10.1016/j.conbuildmat.2011.07.033.

Diquelou, Y., Gourlay, E., Arnaud, L., Kurek, B., 2015. Impact of hemp shiv on cement setting
and hardening: influence of the extracted components from the aggregates and study of the
interfaces with the inorganic matrix. Cem. Concr. Compos. 55, 112-121.

Chen, B., Oderji, S.Y., Chandan, S., Fan, S., 2017. Feasibility of magnesium phosphate cement
(MPC) as a repair material for ballastless track slab. Constr. Build. Mater. 154, 270-274.
Wang, L., Yu, I.LK.M., Tsang, D.C.W., Yu, K., Li, S., Sun Poon, C., Dai, J.G., 2018. Upcycling wood
waste into fibre-reinforced magnesium phosphate cement particleboards. Constr. Build.
Mater. 159, 54—63.

Fang, Y., Cui, P., Ding, Z., Zhu, J.X., 2018. Properties of a magnesium phosphate cement-
based fire-retardant coating containing glass fiber or glass fiber powder. Constr. Build.
Mater. 162, 553-560.

Ohmura, T., Tsuboi, M., Tomimura, T., 2002. Estimation of mean thermal conductivity of
anisotropic materials. Int. J. Thermophys. 23 (3), 843e853.

Sinka, M., Sahmenko, G., Korjakins, A., 2014. Mechanical properties of precompressed
hemp-lime concrete. J. Sustain. Archit. Civ. Eng. 8 (3).

Nguyen, T.-T., Picandet, V., Amziane, S., Baley, C., 2009. Influence of compactness and hemp
hurd characteristics on the mechanical properties of lime and hemp concrete. Eur. J.
Environ. Civ. Eng. 13 (9), 1039e1050.

Arnaud, L., Gourlay, E., 2012. Experimental study of parameters influencing mechanical
properties of hemp concretes. Constr. Build. Mater. 28 (1), 50e56.

Kioy, S., 2005. Lime-Hemp Composites: Compressive Strength and Resistance to Fungal
Attacks. University of Bath, Bath

Sutton, A, Black, D., Walker, P., 2011. Hemp Lime: an Introduction to Low-Impact Building
Materials. Bath, UK. Technology, A.L.. Hembuild pre-cast wall systems. n.d. http://www.
americanlimetechnology.com/tradical-hembuild/. (Accessed 31March 2022).

A. Reilly, O. Kinnane, F.J. Lesage, G. McGranaghan, S. Pavia, R. Walker, R. O’Hegarty, A.J.
Robinson, The thermal diffusivity of hemplime, and a method of direct measurement,
Construct. Build. Mater. 212 (2019) 707-715.

L. Kidalova, N. Stevulova, E. Terpakova, A. Sicakova, Use of magnesium oxide-cement binder
in composites based on hemp shives, J. Environ. Sci. Eng. 5 (2011) 736-741.

Murphy, F., Pavia, S., Walker, R., 2010. An Assessment of the Physical Properties of Lime-
Hemp Concrete. BCRI Bridge Infrastructure Concrete Research University of Cork, Walsh, pp.
431e438.

O'Dowd, J., Quinn, D., 2005. An Investigation of Hemp and Lime as a Building Material.
University College Dublin, Dublin

Tronet, P., Lecompte, T., Picandet, V., Baley, C., 2014. Study of lime hemp composite
precasting by compaction of fresh mix d an instrumented die to measure friction and stress
state. Powder Technol. 258, 285e296.

Jami, T., Rawtani, D., Agrawal, Y.K., 2016. Hemp concrete: carbon-negative construction.
Emerg. Mater. Res. 5 (2), 240e247.

Nguyen, T.T., Picandet, V., Carre, P., Lecompte, T., Amziane, S., Baley, C., 2010. Effect of
compaction on mechanical and thermal properties of hemp concrete. Eur. J. Environ. Civ.
Eng. 14 (5), 545e560



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Elfordy, S., Lucas, F., Tancret, F., Scudeller, Y., Goudet, L., 2008. Mechanical and thermal
properties of lime and hemp concrete (“hempcrete”) manufactured by a projection process.
Constr. Build. Mater. 22 (10), 2116e2123

R.Walker S.Pavia R.Mitchell Mechanical properties and durability of hemp-lime concretes
Construction and Building Materials, Volume 61, 30 June 2014, Pages 340-348

Cigasova, J., Stevulova, N., Schwarzova, I., Junak, J., 2014. Innovative use of biomass based
on technical hemp in building industry. Chem. Eng. Trans. 37, 685e690.

Evrard, A., 2003. Hemp Concretes: A Synthesis of Physical Properties. Construire en Chanvre,
Saint Valerien

Arnaud, L., Cerezo, V., Samri, D., 2006. Global approach for the design of building material
containing lime and vegetable particles. In: The 6th International Symposium on Cement and
Concrete. Xi’an, pp. 1261e1265.

Haik, R., Meir, A., Peled, A., 2017. Low energy bio-aggregate-clay-lime concrete. In:
International Conference on Advances in Construction Materials and Systems. RILEM/IIT-
Madras, Chennai, pp. 657e664

Duc Chinh Ngo, Jacqueline Saliba, Nadia Saiyouri, Zoubir Mehdi Sbartai, Design of a soil
concrete as a new building material — Effect of clay and hemp proportions, Journal of
Building Engineering, 32 (2020) 101553.

F. Collet, M. Bart, L. Serres, J. Miriel, Porous structure and water vapor sorption of hemp-
based materials, Construct. Build. Mater. 22 (2008) 1271-1280.

E. Awwad, M. Mabsout, B. Hamad, M. Talal Farran, H. Khatib, Studies on fiber-reinforced
concrete using industrial hemp fibers, Construct. Build. Mater. 35 (2012) 710-717

K. Hannawi, H. Bian, W. Prince-Agbodjan, B. Raghavan, Effect of different types of fibers on
the microstructure and the mechanical behavior of ultra-high performance fiber-reinforced
concretes, Compos. Part B 86 (2016) 214-220

M. Chabannes, F. Becquart, E. Garcia-Diaz, N.-E. Abriak, L. Clerc, Experimental investigation
of the shear behaviour of hemp and rice husk-based concretes using triaxial compression,
Construct. Build. Mater. 143 (2017) 621-632.

Dalmay, P., Smith, A., Chotard, T., Sahay-Turner, P., Gloaguen, V., Krausz, P., 2009.
Properties of cellulosic fibre reinforced plaster: influence of hemp or flax fibres on the
properties of set gypsum. J. Mater. Sci. 45 (3), 793e803.

Sedan, D., Pagnoux, C., Smith, A., Chotard, T., 2008. Mechanical properties of hemp fibre
reinforced cement: influence of the fibre/matrix interaction. J. Eur. Ceram. Soc. 28 (1),
183e192.

S. Dartois, S. Mom, H. Dumontet, A. Ben Hamida, An iterative micromechanical modeling to
estimate the thermal and mechanical properties of polydisperse composites with platy
particles: application to anisotropic hemp and lime concretes, Construct. Build. Mater. 152
(2017) 661-671

S.T. Nguyen, A.D. Tran Le, M.N. Vu, Q.D. To, O. Douzane, T. Langlet, Modeling thermal
conductivity of hemp insulation material: a multi-scale homogenization approach, Build.
Environ. 107 (2016) 127-134.

J. Williams, M. Lawrence, P. Walker, A method for the assessment of the internal structure
of bio-aggregate Concretes, Construct. Build. Mater. 116 (2016) 45-51.

G. Delannoy, S. Marceau, P. Gle, E. Gourlay, M. Gueguen-Minerbe, D. Diafi, I. Nour, S.
Amziane, F. Farcas, Aging of hemp shiv used for concrete, Mater. Des. 160 (2018) 752-762
T.M. Dinh, C. Magniont, M. Coutand, G. Escadeillas, Hemp concrete using innovative
pozzolanic binder, in: First International Conference on Bio-Based Building Materials,
Clermont-Ferrand, France, 2015




71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

S F. Lucas, F. Tancret, Y. Scudeller, L. Goudet, Mechanical and thermal properties of lime and
hemp concrete (“hempcrete”) manufactured by a projection process, Construct. Build.
Mater. 22 (10) (2008) 2117-2123.

G. Balciunas, J. Zvironait, S. Vejelis, A. Jagniatinskis, S. Gaiducis, Ecological, thermal and
acoustical insulating composite from hemp shives and sapropel binder, Ind. Crop. Prod. 91
(2016) 286—294.

A. Hussain, J. Calabria-Holley, M. Lawrence, Y. Jiang, Hygrothermal and mechanical
characterisation of novel hemp shiv based thermal insulation composites, Construct. Build.
Mater. 212 (2019) 561-568.

M. Briimmer, M.P. Saez-Perez, J. Duran Suarez, Hemp fibre based light weight concretes for
environmental building — parameters that influence the mechanical strength, in: 3rd
International Conference on Natural Fibres ICNF 2017, 2017.

B. Mazhoud, F. Collet, S. Pretot, J. Chamoin, Hygric and thermal properties of hemp-lime
plasters, Build. Environ. 96 (2016) 206-216.

C. Maalouf, A.D. Tran Le, S.B. Umurigirwa, M. Lachi, O. Douzane, Study of hygrothermal
behaviour of hemp concrete building envelope under summer conditions in France, Energy
Build. 77 (2014) 48-57.

P. Gle, E. Gourdon, L. Arnaud, Acoustical properties of materials made of vegetable particles
with several scales of porosity, Appl. Acoust. 72 (2011) 249-259.

D. Lelievre, T. Colinart, P. Glouannec, Hygrothermal behavior of bio-based building materials
including hysteresis effects: experimental and numerical analyses, Energy Build. 84 (2014)
617-627

Billy Seng, Camille Magniont, Sylvie Lorente, Characterization of a precast hemp concrete.
Part I: Physical and thermal properties, Journal of Building Engineering, Vol. 24, July 2019,
100540

T. Pierre, T. Colinart, P. Glouannec, Measurement of thermal properties of biosourced
building materials, Int. J. Thermophys. 35 (2014) 1832-1852

M. Rahim, O. Douzane, Le, A.D. Tran, T. Langlet, Effect of moisture and temperature on
thermal properties of three bio-based materials, Constr. Build. Mater. 111 (2016) 119-127
Etienne Gourlay, Philippe Glé, Sandrine Marceau, Cédric Foy, Sandrine Moscardelli, Effect of
water content on the acoustical and thermal properties of hemp concretes, Construction
and Building Materials, Volume 139, 15 May 2017, Pages 513-523

Florence Collet, Sylvie Pretot, Thermal conductivity of hemp concretes: Variation with
formulation, density and water content, Construction and Building Materials, Volume 65, 29
August 2014, Pages 612-619

0. Kinnane, A. Reilly, J. Grimes, S. Pavia, R. Walker, Acoustic absorption of hemp-lime
construction, Construct. Build. Mater. 122 (2016) 674-682.

V. Cerezo, Proprietes mecaniques, thermiques et acoustiques d’un materiau a base de
particules vegetales: approche experimentale et modelisation theorique, L’Institut National
des Sciences Appliquees de Lyon, Ecole Nationale des Travaux Publics de I'Etat, 2005.

M. Degrave-Lemeurs, P. Gle, A. Hellouin de Menibus, Acoustical properties of hemp
concretes for buildings thermal insulation: application to clay and lime binders, Construct.
Build. Mater. 160 (2018) 462—-474

Latif, E., Lawrence, M., Shea, A., Walker, P., 2015. Moisture buffer potential of experimental
wall assemblies incorporating formulated hemp-lime. Build. Environ. 93, 199e209

Rode, C., Peuhkuri, R., Time, B., Svennberg, K., Ojanen, T., Mukhopadhyaya, P., Kumaran, M.,
Dean, S.W., 2007. Moisture buffer value of building materials. J. ASTM Int. (JAI) 4 (5), 100369


https://www.sciencedirect.com/journal/journal-of-building-engineering/vol/24/suppl/C

89. Piot, A,, Bejat, T., Jay, A., Bessette, L., Wurtz, E., Barnes-Davin, L., 2017. Study of a
hempcrete wall exposed to outdoor climate: effects of the coating. Constr. Build. Mater.
139, 540e550.

90. Ahlberg, J., Georges, E., Norlen, M., 2014. The Potential of Hemp Buildings in Different
Climates: A Comparison between a Common Passive House and the Hempcrete Building
System. Uppsala University, Uppsala, Sweden

91. Simpson, S., 2004. An Investigation of Hygrothermal Properties of Lime-Hemp and Clay-
Hemp Blocks Retrofitted onto Light-Timber Frames. University of East London, London

92. Evrard, A., 2008. Transient Hygrothermal Behaviour of Lime-Hemp Material. Universite
Catholique de Louvain, Louvain, Belgium

93. Helisoa Rafidiarison Romain Rémond Eric Mougel Dataset for validating 1-D heat and
mass transfer models within building walls with hygroscopic materials, Building and
Environment Volume 89, July 2015, Pages 356-368

94. Florence Collet Sylvie Pretot Experimental investigation of moisture buffering capacity of
sprayed hemp concrete Construction and Building Materials Volume 36, November 2012,
Pages 58-65

95. A.D.Tran Le?, C.Maalouf?, T.H.Mai?, E.Wurtz®, F.Collet® Transient hygrothermal behaviour of a
hemp concrete building envelope Energy and Buildings, Volume 42, Issue 10, October 2010,
Pages 1797-1806

96. D.Lelievre T.Colinart P.Glouannec Hygrothermal behavior of bio-based building materials
including hysteresis effects: Experimental and numerical analyses Energy and Buildings
Volume 84, December 2014, Pages 617-627

97. C.Maalouf?® A.D. TranLe® S.B.Umurigirwa? M.Lachi® O.Douzane® Study of hygrothermal
behaviour of a hemp concrete building envelope under summer conditions in France, Energy
and Buildings Volume 77, July 2014, Pages 48-57

98. S. Elfordy, F. Lucas, F. Tancret, Y. Scudeller, L. Goudet, Synthese des connaissances sur les
betons et mortiers de chanvre, Construire en Chanvre, France, 2008.

99. Arbio, Switzerland, https://www.arbio.ch/isolation-periph.html, 2019. Accessed 31.3.2022

100. S. Marceau, P. Gle, M. Gueguen-Minerbe, E. Gourlay, S. Moscardelli, . Nour, S. Amziane,
Influence of accelerated aging on the properties of hemp concretes, Construct. Build. Mater.
139 (2017) 524-530.

101. R. Walker, S. Pavia, Moisture transfer and thermal properties of hemp-lime concretes,
Construct. Build. Mater. 64 (2014) 270-276.

102. P.B. De Bruijn, Hemp Concretes: Mechanical Properties Using Both Shives and Fibres,
Swedish University of Agricultural Sciences, Faculty of Landscape Planning, Horticulture and
Agricultural Sciences, Alnarp, 2008.

103. A. Arizzi, H. Viles, I. Martin-Sanchez, G. Cultrone, Predicting the long-term durability of
hemp-lime renders in inland and coastal areas using Mediterranean, Tropical and Semi-arid
climatic simulations, Sci. Total Environ. 542 (A) (2016) 757-770

104. D. Nilsson, B. Svennerstedt, C. Wretfors, Absorption equilibrium moisture contents of flax
straw, hemp stalks and reed canary grass biosystems, Engineering 91 (1) (2005) 35-43

105. Delannoy et al., 2018, Aging of hemp shiv used for concrete, Materials & Design, Vol. 160,
pp. 652-762.

106. A. Arizzi, M. Brimmer, |. Martin-Sanchez, E. Molina, G. Cultrone, Optimization of lime and
clay-based hemp-concrete wall formulations for a successful lime rendering, Construct.
Build. Mater. 184 (2018) 76—-86


https://www.sciencedirect.com/science/article/pii/S0360132315001158#!
https://www.sciencedirect.com/science/article/pii/S0360132315001158#!
https://www.sciencedirect.com/science/article/pii/S0360132315001158#!
https://www.sciencedirect.com/author/8883334600/florence-collet
https://www.sciencedirect.com/science/article/abs/pii/S0950061812003431#!
https://www.sciencedirect.com/science/article/pii/S0378778810001787#!
https://www.sciencedirect.com/science/article/pii/S0378778810001787#!
https://www.sciencedirect.com/science/article/pii/S0378778810001787#!
https://www.sciencedirect.com/science/article/pii/S0378778810001787#!
https://www.sciencedirect.com/author/8883334600/florence-collet
https://www.sciencedirect.com/science/article/pii/S0378778814007038#!
https://www.sciencedirect.com/science/article/pii/S0378778814007038#!
https://www.sciencedirect.com/science/article/pii/S0378778814007038#!
https://www.sciencedirect.com/journal/energy-and-buildings/vol/84/suppl/C
https://www.sciencedirect.com/science/article/pii/S0378778814002606#!
https://www.sciencedirect.com/science/article/pii/S0378778814002606#!
https://www.sciencedirect.com/science/article/pii/S0378778814002606#!
https://www.sciencedirect.com/science/article/pii/S0378778814002606#!
https://www.sciencedirect.com/science/article/pii/S0378778814002606#!

107. Ferhat Benmahiddine, Fares Bennai, Rachid Cherif, Rafik Belarbi, Abdelkader Tahakourt,
Kamilia Abahri, Experimental investigation on the influence of immersion/ drying cycles on
the hygrothermal and mechanical properties of hemp concrete, Journal of Building
Engineering, Volume 32, November 2020, 101758

108. U. Benitha Sandrine, V. Isabelle, M. Ton Hoang, C. Maalouf, Influence of chemical
modification on hemp - starch concrete, Construct. Build. Mater. 81 (2015) 208 — 215.

109. H. Fares, S. Remond, A. Noumowé, A. Cousture, Microstructure et propriétés physico -
chimiques de bétons autoplagants chauffés de 20 a 600°c, Eur. J. Environ. Civ. Eng. 15 (2011)
869 —888.

110. Shanaka Kristombu Baduge, PriyanMendis, Rackel San Nicolas, Kate Nguyen, Ailar
Hajimohammadi, Performance of lightweight hemp concrete with alkali-activated
cenosphere binders exposed to elevated temperature Construction and Building Materials
Volume 224, 10 November 2019, Pages 158-172

111. I.P. Kenneth, A. Miller, Life Cycle Greenhouse Gas Emissions of Hemp-Lime Wall
Constructions in the UK, University of Brighton, School of Environment and Technology,
United Kingdom, 2012.

112. C. Ingrao, A.L. Giudice, J. Bacenetti, C. Tricase, G. Dotelli, M. Fiala, V. Siracusa, C. Mbohwa,
Energy and environmental assessment of industrial hemp for building applications: a review,
Renew. Sustain. Energy Rev. 51 (2015) 29-42

113. J. Williams, M. Lawrence, P. Walker, The influence of the casting process on the internal
structure and physical properties of hemp-lime, Mater. Struct. 50 (2017) 108

114. S. Pretot, F. Collet, C. Garnier, Life cycle assessment of a hemp concrete wall: impact of
thickness and coating, Build. Environ. 72 (2014) 223-231.

115. Y. Florentin, D. Pearlmutter, E. Givoni, A life-cycle energy and carbon analysis of hemp-lime
bio-composite building materials, Energy Build. 156 (2017) 293-305.

116. V. Nozahic, S. Amziane, G. Torrent, K. Saidi, H. De Baynast, Design of green concrete made
of plant-derived aggregates and a pumice-lime binder, Cement Concr. Compos. 34 (2) (2012)
231-241.

117. Y. Diquelou, E. Gourlay, L. Arnaud, B. Kurek, Impact of hemp shiv on cement setting and
hardening: influence of the extracted components from the aggregates M.P. Saez-Perez et
al. Journal of Building Engineering 31 (2020) 101323 16 and study of the interfaces with the
inorganic matrix, Cement Concr. Compos. 55 (2015) 112-121.

118. T. Senga Kiesse, A. Ventura, H.M.G. Van der Werf, B. Cazacliu, R. Idir, A. Andraina,
Introducing economic actors and their possibilities for action in LCA using sensitivity analysis:
application to hemp-based insulation products for building applications, J. Clean. Prod. 142
(2016) 3905—-3916.

119. Y. Hustache, L. Arnaud, Synthese des connaissances sur les betons et mortiers de chanvre,
Ecole Nationale des Travaux Publics de I'Etat, France, 2008.

120. D.M. Andres, D.L. Manea, R. Fechete, E. Jumate, Green plastering mortars based on Clay
and wheat straw, Proc. Technol. 22 (2016) 327-334.

121. Hanffaser, Germany, https://www.hanffaser.de/uckermark/index.php/produkt e/stopf-
hanf-daemmwolle, 2018, https://www.hanffaser.de/uckermark/index.ph
p/produkte/feinputz, https://www.hanffaser.de/uckermark/index.php/produkte /hanf-
lehm-schallschuettung. accessed 31.03.2022.

122. Belchanvre, Belgium, https://www.belchanvre.be/doc/ISOVRAC.pdf, 2018. accessed
3.03.2022.

123. Thermo Natur, Germany, https://www.thermo-natur.de/daemmstoffe/thermo-h
anf/thermo-hanf-premium/, 2018. accessed 31.03.2022.


https://www.sciencedirect.com/journal/journal-of-building-engineering/vol/32/suppl/C

124. Hempflax, The Netherlands, http://hempflax.com/en/products/construction/he mpflax-
panel-insulation, 2018. accessed 3.03.2022.

125. Technichanvre, France, http://www.technichanvre.com/isolation-chanvre-iso lation-
ecologique-et-saine/feutres-de-chanvre-sous-couche-et-autre/, 2018, htt
p://www.technichanvre.com/isolation-chanvre-isolation-ecologique-et-saine /chanvre-et-
chaux-enduits-et-finitions/granulat-c005-finition-et-decoration/,
http://www.technichanvre.com/isolation-chanvre-isolation-ecologique-et-saine /chanvre-
et-chaux-enduits-et-finitions/granulat-c015-enduit-et-corps-denduit/,
http://www.technichanvre.com/wp-content/uploads/2013/09/Chanvribloc-No tice-
technique-2016.pdf. accessed 31.3.2022.

126. Naporo, Austria, http://www.naporo.com/file.php?ID%532, 2018. accessed 31.3.2022.

127. NPSP Composieten, The Netherlands, http://www.npsp.nl/page.asp?ID%14, 2018.
accessed 31.03.2022.

128. S. Amaducci, D. Scordia, F.H. Liu, Q. Zhang, H. Guo, G. Testa, S.L. Cosentino, Key cultivation
techniques for hemp in Europe and China, Ind. Crop. Prod. 68 (2015) 2—-16.

129. S. Umurigirwa Benitha, I. Vroman, H. Mai Ton, M. Chadi, Influence of chemical modification
on hemp-starch concrete, Construct. Build. Mater. 81 (2015) 208-215.

130. A.T. Le, A. Gacoin, A. Li, T.H. Mai, N. El Wakil, Influence of various starch/hemp mixtures on
mechanical and acoustical behavior of starch-hemp composite materials, Composites 75 (B)
(2015) 201-211.



