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Abstract. The building sector is one of the largest consumers of energy and
emitters of greenhouse gases (GHG). The problems linked to climate change push
us to design buildings that are more respectful of the environment, whether during
the design stage, the life span, or the end of life of the works. The question then
arises as to the use of insulating materials of petrochemical and mineral origin,
non-renewable. To fight against environmental problems, it is thus necessary to
develop new materials that are more eco-responsible and have less impact on
the environment. In this sense, hemp concrete is of great interest in the scientific
literature. The objective of this research is to determine the feasibility of designing
hemp concrete by limiting the addition of hydraulic binder, not available in Canada
which promotes GHG emissions (because of transportation) and adding materials
available in North America. By combining it with other structural materials, such
as OSB, it could replace gypsum board, which is widely used in Canada but
often buried instead of recycled. This work will focus on the thermal and hydric
properties of hemp concrete developed with metakaolin, to substitute hydraulic
lime.
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1 Problematic

Hemp concrete has a good thermal conductivity (λ) compared to other buildingmaterials
such as oriented strand board or gypsum plasterboard. The order of magnitude of the
thermal conductivity of this material is around 0.10 W/m/K in dry state, but can be
affected by parameters such as its density, temperature or water content [1–4]. Literature
on hemp concrete underlined that the mass proportions between the binder and the
plant particles also affect the porosity, and thus density, thermal, and hydric properties.
Different density for this material makes it adaptable: a low-density hemp concrete can
be used for attic or wall insulation, inversely a high-density hemp concrete has better
mechanical properties and makes it suitable for floor slabs or insulating wall coatings.
This article focus on hemp concrete for thermal insulation. The goal is to develop a
mixture without hydraulic binders to lower the embodied carbon of the material.

Most developed hemp concretes are based on hydraulic binders, which are largely
available in Europe, for example, but are not locally accessible in Canada. Importing
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hydraulic binders for the manufacture of hemp concrete would penalize the carbon
footprint of this material, while it is one of its major benefits. In Canada hydrated lime is
available to developbinders for hempconcrete. This typeof lime sets by carbonation, and,
at a young age, a proportion of the hydrated lime is not carbonated which does not allow
to obtain the mix’s cohesion. It is possible to address this challenge with the introduction
of pozzolans or hydraulic materials (i.e., cements, natural cement and hydraulic limes
with hydrated lime). In order to develop a viable solution for the manufacture of low
carbon hemp concrete, it is then necessary to develop a formulation of local binder,
adapted to Canada.

Metakaolin, a competitive pozzolan, is a potential candidate to ensure concrete cohe-
sion and is available in North America. In order to optimize the curing of hemp concrete,
it is necessary to understand the behaviour of the lime-metakaolin type mixture. This
knowledge allows a better comprehension of the impact of introducing metakaolin on
the thermal and hydric properties of hemp plant-based concretes. In this work, a ther-
mal and hydric characterization of hemp concrete, manufactured in the laboratory with
metakaolin, is presented and compared to the literature and conventional formulation.
Other properties, such as mechanical performances of the samples can be found in the
work of Fortin and are outside the scope of this article [5].

2 Materials and Method

2.1 Material

Hemp shive particles are harvested in Quebec in the Saguenay-Lac-Saint-Jean region.
The hemp cultivar used is USO31 was provided by Agrofibre in Lavaltrie, Quebec, with
a length between 180 and 220 cm. The plant was defibred before final bagging of 15 kg
packed hemp shives. Table 1 presents the composition of the USO31 hemp fiber variety,
and was taken from the literature [6]. The hemp has a bulk density of 125.2 kg/m3 ±
2.9 kg/m3 and an absolute density of 1336 kg/m3 (±0.206%).

Table 1. Chemical composition of USO31 hemp fiber [6].

Cellulose (m%) Hemicelluloses (m%) Pectin (m%) Lignin (m%)

USO31 64–71 4–6 6–10 3–8
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InNorthAmerica, hydraulic lime ismainly accessible by imports fromEurope. In this
study, and for comparison purposes, a natural hydraulic lime from the company Secil, in
Portugal (NHL 3.5) is used. The nomenclature “3.5” indicates that a mortar made with
this lime will have a minimum strength of 3.5 MPa, according to the manufacturer’s
prescribed procedures. The hydraulic and carbonatation reactions by this type of lime
allow plant concrete in a young age to attain that minimum mechanical resistance.

In Canada, the company Graymont can provide hydrated lime (CHX, Graymont’s
High Calcium Lime)which makes it a local available product, limiting the transportation
and associated environmental impacts of this resource, necessary for the manufacture of
hemp-based concrete.

Some distributors can supply metakaolin in eastern North America, among them the
company Poraver is located in Ontario, Canada. The company’s commercial product is
calledMetapor and is generally used nowadays as a supplementary cementing material
in themanufacture of reinforced and unreinforced cement concrete elements.Metapor is
mainly composed of an impure metakaolin and an addition of expanded recycled glass.
The chemical composition ofMetapor can be found in recent literature [7]. Theoretical
calculation of the proportion of metakaolin (MK) and hydrated lime (CHX) for a total
consumption of hydrated lime to occur during the process is based on Eq. (1), based on
the work of Murat, 1983 [8].

AS2 + 6CH + 9H2O → C4AH13 + 2CSH (1)

This calculation of the proportion of meta kaolinite (AS2) constituents based on their
molar mass are Al2O3/AS2 = 0.45899 and 2SiO2/AS2 = 0.54101, a detail can be found
in Table 2.

Table 2. Calculation of stoichiometric ratios to determine the proportion of metakaolinite.

Molar masses of chemical elements:

H = 1.008g O = 16.0g Al = 26.98g

Si = 28.09g Ca = 40.08g

Molar masses of constituents:

Al2O3 = 2 · Al + 3 · O = 101.96g SiO2 = Si + 2 · O = 60.09g

AS2 = Al2O3 + 2 · SiO2 = 222.14g

Stoichiometric ratios:

Al2O3
AS2

= 0.45899 2·SiO2
AS2

= 0.54101

We can note thatCH = Ca(OH )2 = Ca+2·(O + H ) = 74.096g, whose proportion
in CaO is noted as %CaO = Ca+O

Ca(OH )2
= 0.757.

According to the equation of Murat, 1983, the optimized proportion to totality con-
sume the free hydrated lime is close to a 50%/50% ratio. Precisely, 54.8% calcium
hydrated lime (CHX) and 45.2% metakaolin (MK). A summary of the binders used in
this study is presented in Table 3.
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Table 3. Binder used for the formulation of hemp concrete samples.

MK-45 NHL

Hydrated lime (CHX) 54,8%wt –

Metakaolin (MK) 45,2%wt –

Natural hydraulic lime (NHL) – 100%wt

For the hydric characterization, both formulations are studied, but for the mea-
surement of thermal conductivity, only the formulation based on hydrated lime and
metakaolin is considered. The formulation of the studied hemp concrete samples
(MK-45) is presented in Table 4.

Table 4. Constituents for the formulation of hemp concrete samples submitted to thermal
conductivity tests.

MK-45

Dry hemp shives (kg) 1

Dry binder (kg) 1,5

Water (kg) 2,5

Dry density (kg/m3) 326 ± 4

2.2 Method

2.2.1 Thermal Characterization

The hemp concrete is a heterogeneous material which does not allow a measurement
with transient ormodified transient plane source (TPS/MTPS) available in the laboratory.
The thermal conductivity was thus determined with a needle probe and the Transient
Line Source method (TLS, Fig. 1), with C-Therm trident, in accordance with ASTM
D5334 and ASTM D5930 [9–11]. The sample was drilled with small holes, in different
orientations, corresponding to the diameter of the probe and a series of 6 measurements
is done. The thermal conductivity is determined using the temperature rise, which varies
linearly with the logarithm of time, according to the Eq. (2). The procedure has an
associated uncertainty of ± 3% + 0.02 W.m−1.K−1 at 20 °C.

λ = C.q

4.π.L.�T
.ln

(
t2

t1

)
(2)

With:

– C a calibration factor,
– q the heat flux,
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– L the length of the probe,
– �T the temperature, and
– t the time.

T1

T2

TLS Needle

Hemp 

concrete

Fig. 1. C-Therm (left) and TLS needle principle (right).

2.2.2 Hydric Behaviour

In order to evaluate themoisture buffering value (MBV) of the samples, the NORDTEST
method is used [12]. This method consists of evaluating the moisture absorption and
desorption of samples through humidity cycles. The samples are sealed on every surface,
except one (with a surface area of at least 0.01 m2) which is exposed to the controlled
environment. Before the tests, the sample are conditioned, and their mass are measured
with a balance (with a precisionof±0.01g). The samples are then submitted to successive
high and low humidity cycles, at ambient temperature (23 ± 2 °C). Between each cycle,
the mass of the samples is measured and moisture buffering value can be calculated with
Eq. (3).

MBV = �m

A · (RHhigh − RHlow)
(3)

With:

– m the weight of the sample,
– A the exposed surface,
– RHhigh and RHlow are respectively the high and low relative humidity of the cycle.

The velocity and the air film above the samples are neglected andmay have an impact
on the actual moisture content of the material. The humidity cycles are performed in a
commercial Thermotron environmental chamber (Fig. 2).
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Fig. 2. Moisture Buffering Value Test in Thermotron environmental chamber.

3 Results

3.1 Thermal Conductivity

Thermal conductivity measurements led to values between 0.097 and 0.105 W/m/K for
hemp concrete manufactured with metakaolin and a mean of 0.102 ± 0.004 W/m/K. It
corresponds to the measured values of hemp concrete in literature for this material [13],
which underline that the thermal performance is not impacted by the introduction of
metakaolin. With respect to commonly used mixes, this mix is adapted and confirms the
observations of the literature [1, 2]. Furthermore, the impact of introducing metakaolin
in the mix, leads to similar observations of Walker and Pavía, as no major impact is
observed [14]. As already mentioned, in the case of hemp concrete, thermal conductiv-
ity can be dependent on several parameters, other tests would allow determining fiber
orientation and compaction impacts. As an example, Zerrouki et al. measured thermal
conductivity between 0.062 and 0.125 W/m/K with the consideration of these param-
eters [15]. The measurement probe was introduced in different orientations, however
low standard deviations were calculated (around 4%), which remains relatively low as
it would have been expected.

3.2 Moisture Buffering Value

Figure 3 shows the results obtained from the MBV measurements, for the two binders
under study (MK-45 and NHL). The calculated averages for the last three moisture
cycles (8 to 10), are in the order of 2.64 and 2.90 g.m−2.%RH−1 for the hemp concretes
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formulated with the metakaolin (MK) and the hydraulic binder respectively (NHL).
The values obtained for the metakaolin-based sample are slightly lower. However both
formulations can be qualified as excellent hydric regulators. These results obtained for
this material corroborate with Latif et al. (2015) who attempted the test also on a hemp
plant concrete rich in hydrated lime. Thus, the binder formulated with metakaolin seems
to be a very good alternative for the manufacture of hemp concrete with a low carbon
footprint in Canada.

Fig. 3. Moisture Buffering Value measured through each cycle for hemp concrete with NHL and
MW

4 Conclusion

The important challenge of this work was to develop a formulation of local binder to
replace hydraulic lime. In this study, the thermal conductivity and the moisture buffering
values of different samples of hemp concrete were studied. The thermal conductivity
of the manufactured hemp concrete samples with metakaolin was in the same range as
other hemp concrete presented in the literature. Considering the hydric performance of
the formulation, the samples manufactured with metakaolin were a bit less performant
as hemp concrete produced with conventional hydraulic binder. The manufactured hemp
concrete formulated with a local binder is adapted for the building sector.
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