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Highlights

* Accelerated aging of hemp concrete was experimentally performed by a succession of
immersion/drying cycles during 40 days.

* Immersion/drying cycles significantly affected the microstructure of the hemp concrete.

* A 50% decrease in compressive strength and a 38% increase in water vapour permeability
were noted for weathered hemp concretes.

* Chemical analyses highlighted the ion leaching of the hemp concrete pore solution into the
immersion solution during aging.
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Abstract
Hemp concrete is the most commonly used bio-based material for construction because of its
hygrothermal behaviour and its contribution to reduce the environmental impacts and energy needs of
buildings. Apart from these performances and environmental qualities, there is still a lack of
information concerning hemp concrete durability and the evolution of its physical properties over
time. That is why this study investigates the influence of accelerated aging on the properties of this
material through a succession of immersion/drying cycles. Microscopic observations highlighted
morphology changes of this bio-based material and porosity variations caused by swelling and
shrinkage phenomena. A significant decrease of 51% in compressive strength was noted for the
weathered hemp concrete. Furthermore, functional hygrothermal properties were also affected, and a
38% increase in water vapour permeability was noted. Finally, chemical and thermogravimetric
analyses revealed no effect of aging on the pH and thermal decomposition ranges of hemp concrete.
From these analyses, crucial conclusions on the durability of this material were drawn.
Keywords: hemp concrete, accelerated aging, durability, microstructure, vapour permeability,
thermogravimetric analysis.

1. Introduction
The building sector is one of the most important sources of energy savings and reducing greenhouse
gases emissions. This sector is responsible for 40% of energy consumption in the OECD countries
(Organisation for Economic Co-operation and Development) and emissions of CO, of around
36.2 trillion tonnes. It is therefore responsible for the depletion of natural resources and the damage
that our environment undergoes because of greenhouse gas emissions [1]. That is why the current
thermal regulation recommends building structures that are more and more thermally insulated. Doing
this may reduce the energy and environmental impact. Unfortunately, this may alter summer comfort
and indoor air quality because the Thermal Regulations (TR 2012) require minimum air renewal
values and a very low level of air permeability of the building envelope of about 0.6 m*/(h-m?) in
individual houses and 1 m%(h-m?) in collective buildings. These new issues have significant
consequences since they can seriously affect the health of occupants [2]. In order to reduce these
adverse effects, researchers [3—10] tested bio-based materials for construction, that came from either
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agriculture, forestry or recycling. These materials are characterised by low density and complex
microstructure. Low density is associated with low compressive strength, but also with low thermal
conductivity. The use of bio-based materials, recognised by their low environmental impact and their
hygrothermal quality [11], allows to reduce the energy impact and therefore to meet the requirements
of the thermal regulations.

In this work, the studied bio-composite material is hemp concrete. It is very widespread in France and
has a regulatory framework for its use and formulation in the construction sector [12]. Hemp shives
are an innovative material and have particularly interesting properties. The mixture of these hemp
shives with lime improves the insulating properties of the final material [4]. Admittedly, this material
lacks quality in terms of compressive strength. Its resistance varies between 0.1 to 0.8 MPa at the age
of 28 days [13], but the advantage is in its thermal, hygric and acoustic performances [14]. That is why
its current main use is limited to a infill material [15]. Studies have shown that hemp concrete is a
good insulation material with good hygrothermal and acoustic properties [6,16], and it has a low
thermal conductivity due to its porosity and low density. From a hygric point of view, hemp concrete
is also an aerated material with high water vapour permeability [6,11,15]. In addition, it is considered
to be an excellent moisture regulator that is able to absorb relative humidity in the case of surplus in
the living environment and to restore it in the inverse case [17,18]. This strong absorbing power allows
to moderate daily variations in the relative humidity and to ensure good indoor air quality [19].
Despite all these advantages, the use of bio-based materials is limited by the lack of a guarantee as to
the evolution of their properties over time.

Moreover, hemp concrete is a highly heterogeneous and anisotropic material [20]. When this material
is exposed to outside climatic conditions, dimensional variations appear [21] and modify its
morphological behaviour, which consequently affects the hygrothermal behaviour of the material [22].
In addition, hemp concrete is a hygroscopic material. Its sensitivity to moisture variations causes
swelling/shrinking of the hemp shives. In general, aging can modify the material microstructure with
the hydration of the binder over time and generate dissolution/precipitation of novel compounds [6].

This could, consequently, modify the hygrothermal and mechanical properties of the material. Few



studies have been conducted for this purpose, and most of them only describe the reaction of hemp
concrete against accelerated aging tests [23].

Among the few works on hemp concrete durability, Bessette et al. [24] studied the effect of aging and
mould growth during the manufacture of cement-based hemp concrete and during its exploitation.
Their results show that the outer coating must be well chosen. They showed that the use of a
waterproof render that is also permeable to moisture does not exhibit mould growth. Marceau et al.
[25] studied the effect of humidification/drying cycles on the physical properties of hemp concrete and
the mould growth at high hygrometry. They highlighted that the aging cycles modify the material
porosity. However, this evolution is not enough to modify the functional properties of the materials.
Moreover, Walker et al. [13] investigated the influence of the binder on hemp concrete resistance to
freeze/thaw cycles, exposure to salt and biodegradation. They showed that hemp concrete formulated
with a hydraulic binder is less sensitive to freeze/thaw action. They also showed that salt exposure in
the short term resulted in the precipitation of salt layers but did not impact compressive strength at one
year. Furthermore, Arizzi et al. [23] analysed hemp concrete samples in three different climates:
Mediterranean, tropical and semi-arid climates. Macroscopic properties (density and chromatic
variations) and the modification of the chemical properties before, during and after accelerated aging
cycles were analysed. They showed that the hemp concretes studied have a good durability towards
the various stresses and climatic conditions. However, it is advisable to take some specific preventive
and maintenance measures to ensure greater durability of these materials. Viel ef al. [26] studied the
resistance of bio-based materials to fungal developments. The tested materials were regularly weighed
and photographed in order to monitor weight evolutions and to measure the contaminated surface by
moulds. In addition, chemical analyses highlighted that the pH is an important factor for predicting
mould susceptibility. Indeed, materials with pH of about 10 are resistant to fungal development.
However, those with pH less than or equal to 6 exhibit significant fungal development. Delannoy et al.
[27] studied the evolution of the functional properties of hemp shives by keeping their material for two
years under three different conditions: a static reference environment, humidification/drying
conditions and external aging (in situ). Based on these different cases of aging, the authors identified
four phenomena that are part of aging mechanisms, namely: mass loss, volume variation, opening of
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the porosity of hemp shives and modification of the pore size distribution. In addition, they have
shown that fungal attacks can alter the microstructure and properties of the hemp shive. For this
purpose, the authors suggested monitoring the fungal development of hemp concrete over time.
The aim of this paper is to study the effect of accelerated aging (immersion/drying cycles) on the
properties of hemp concrete. This allows to quantify the changes of the hygric, thermal and
mechanical properties of hemp concrete due to the immersion/drying cycles (aging). The
characterisation was focused on the functional properties of this material, namely: microstructure
evolution, water porosity, thermal conductivity, water vapour permeability, water vapour sorption,
moisture buffer capacity and compressive strength. The cases of hemp concrete (weathered and
reference) were characterised at the same conditions in order to deduce the effect of immersion/drying
cycles on the properties of this material.

2. Materials and methods
The innovative material studied is hemp concrete, which can be used in both renovated and new
buildings. An experimental campaign was carried to study the effect of aging (immersion/drying
cycles) on the hygric, thermal and mechanical properties of this material. The experimental protocol
followed is described below.

2.1. Materials
Hemp concrete is obtained by mixing defined quantities of hemp shives, binder and water. The hemp
shives used for this study is the Chanvribat (see Fig. 1). It is provided by the manufacturer Ecohabitat

(Ecological Materials for Habitat). It has an average density of about 100 kg/m°.
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Fig. 1. Photo of used hemp shives.



Size and geometry of hemp shives can have an important role in the determination of the final
properties of hemp concrete. The particle size analysis of the used hemp shive was done by image
processing and is based on 713 hemp shive particles randomly sampled. Particles are then glued on an

A3 sheet of black paper avoiding any overlap to facilitate segmentation operations as shown in Fig. 2.
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Fig. 2. Used hemp shives for particle size analysis.

The distributions of lengths and widths are given in Figs. 3(a) and 3(b), respectively.

(a) (b)
a 100 3. 1008
< 2 = oy
S 15 A - 80 £ S - 80 g
g - 60 % g 20 - - 60 %
g 10 1 & 8 &
& - 40 2 & - 40 3
= S 210 A =]
= 5 g = ]
- 20 S - 20 =
g E
O T T T T O (&) 0 T T T 0 5

0 10 20 30 40 0 3 6 9 12

Length (mm) Width (mm)

Fig. 3. Characterisation of hemp particle size by image processing: (a) length distribution and (b)
width distribution.
Fig. 3 shows that the hemp shives used have different size ranges in length and width. This
heterogeneous distribution of hemp shives in the material implies a wide pore size distribution and
increases the complexity of the microstructure of hemp concrete, which has a significant impact on the
final material properties [28,29].
The binder used for this study is Tradical PF70 (compatible with the used hemp shives) provided by

Ecohabitat. It is composed of 75% air lime with 15% hydraulic and 10% pozzolanic binders. This type



of binder can be used alone [30,31] or with other alternative binders based on unfired clay [3]. It often
gives good results, especially in terms of compressive strength and thermal conductivity [3].

The application chosen for the formulation of the samples studied is a wall application. It has been set
in accordance with the professional rules for the execution of hemp products which were definitively
validated in 2012. The used formulation is given in Table 1.

Table 1 Proportion of lime binder, hemp shives and water by mass for concrete.

. . Binder
Hemp shive (Chanvribat) (Tradical PF70) Water
16% 34% 50%

After the manufacture of the hemp concrete samples, they were conserved for four days in their
moulds in a climate chamber regulated at a temperature (T) of 20 °C and a relative humidity (RH) of
50%. Then, the moulds were disassembled to allow drying of samples, and from this moment, a mass
monitoring was carried out with a period of 24 hours in order to obtain the kinetics of drying.
Investigations were started after sample mass stabilisation (mass variation less than 0.1%).
2.2. Accelerated aging test and experimental characterisation

The exposure of building materials to outside weather conditions (rain, snow, sun, etc.) can affect their
microstructure and consequently modify their hygrothermal behaviour. Assessment of the durability of
materials can be done in sifu (exposure of the material to natural climatic conditions) or in laboratory
by means of accelerated aging tests.

In this work, an accelerated aging test was chosen and applied to the hemp concrete. It consists of a
succession of immersion cycles in water for 48 hours followed by drying in an oven at 50 °C for 72
hours, over a period of 40 days. This type of aging is significantly more severe than the surrounding
conditions of materials during their life cycle, but it gives an answer to the behaviour of the material in
its state of extreme degradation. First of all, hemp concrete samples have undergone aging (40 days of
immersion/drying cycles). In parallel, other reference hemp concrete samples (unweathered) are stored
in a climatic chamber (T = 23 °C and RH = 50%). At the end of the aging process, all the materials

(reference and weathered) were collected in the climatic chamber for 15 days before their



characterisation in order to have the same state of hygric and thermal equilibrium at the moment of

characterisation [6].

Total porosity

The measurement of the water porosity has been measured using the water porosity test according to
the NF P18-459 standard [32]. It is based on vacuum saturation followed by different weighing of the
samples. To ensure repeatability measurement, three cubic samples (5x5x5 cm) were tested each time.
Microstructure characterisation by digital microscope

To better interpret our results, the microstructure of weathered and unweathered hemp concrete was
analysed by using a digital microscope from Keyence®. The dimensional variations of the hemp
concrete were monitored by microscopic observations of the same viewing area before and after aging.
The digital microscope used produces high-resolution images, allowing to clearly observe the
morphological changes of the hemp concrete.

Thermal conductivity

Thermal conductivity was measured under stationary conditions using the A-Meter Ep500e® device.
The principle is based on the guarded hot plate method according to the standards EN 12667 [33] and
EN 12664 [34]. This property was measured on six samples of 15x15x5 cm at a temperature of 23 °C.
Water vapour permeability

Water vapour permeability characterises the ability of a material to transfer moisture under a vapour
pressure gradient. The measurement was performed by using the Gravitest® device, which is based on
the cup method according to the standard NF-EN-12572 [35] (see Fig. 4). The test is performed on

three cylindrical samples of 8 cm in diameter and 2 cm thick.
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Fig. 4. Standard cup method for determination of water vapour permeability.



Sorption isotherm

The measurement of the water vapour sorption isotherms is performed at 23°C by using the ProUmid
device, which is based on the principle of the gravimetric method. Before beginning the test, the cubic
samples (1 cm®) were dried in an oven at 40 °C for 24 hours and then degassed under vacuum in order
to complete the drying. To ensure the repeatability of the results, three samples were tested for each
case.

Moisture buffer capacity (MBYV)

The moisture buffer capacity characterises the ability of the material to moderate the relative humidity
changes of the surrounding air. In this study, the measurement of this parameter has been performed in
accordance with the Nordtest project [36]. This project proposes to subject the samples of hemp
concrete to cyclic step-changes in humidity between 75% for 8 hours and 33% for 16 hours at a
constant temperature of 23 °C. The samples were initially preconditioned at 50% relative humidity.
Three samples of 10 cm sides and 5 cm thick were tested for each case.

The Nordtest project proposed a classification of materials according to their moisture buffer capacity.

The different moisture buffer value (MBV) ranges are given in Fig. 5.
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Fig. 5. Moisture buffer value classes.

Penetration depth
The penetration depth (dp,1%) provides a reference value that can be used to evaluate the thickness of
the sample for measuring the MBV value [37]. This property defines the depth where the amplitude of

moisture content variation does not exceed 1% of the surface amplitude [36]. It is given by Equation 1.
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Dyt,
T

dy 10 = 461 (1)

where t;, is the period, and Dy, is the moisture diffusivity.
Compressive strength
The compressive strength test is performed according to European standard EN 826 [38] and ASTM
C109 [39] as well as the current studies on this type of material [40,41]. Three cubic samples of 5 cm
sides were tested for each case using the Zwick Roell® test apparatus, with a displacement rate of
5 mm/min and a maximum load of 100 kN. ASTM C109 [39] requires that the maximum permissible
range, between specimens (5x5x5 cm) from the same material at the same test age, is 8.7% of the
average when three cubes represent a test age and 7.6% when two cubes represent a test age.
pH measurement
After hemp concrete degradation, there is a high probability that the pH will change [25], and hence
there is the necessity to measure this evolution function of the aging. The adopted measuring
technique is the production of an aqueous solution [42], which consists firstly in reducing the hemp
concrete samples to powder. Then, this latter was mixed with distilled water with a liquid/solid ratio
of 9 ml/g to obtain an aqueous suspension. Finally, pH values were measured by using the pH meter
780 from Metrohm®. Three solutions were prepared and dosed three times for each one.
Thermogravimetric analysis
The thermogravimetric analysis (TGA) test allows to quantify the material mass evolution function of
the temperature. Each mass variation reflects a chemical, physical or physico-chemical phenomenon
due to the effect of temperature. This test aims to verify whether the decomposition temperature
ranges of the components remain the same after the aggressive aging applied. The measures were
performed by using the SETSYS Evolution 16/18 device from SETARAM®. The test is performed in a
controlled helium atmosphere in a temperature range of 25-500 °C for hemp shives and of 25-900 °C
of binder with a heating rate of 5 °C/min.

3. Results and discussions

3.1.Microstructural and chemical degradation
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Fig. 6 shows a comparison of the hemp concrete morphology before and after aging. The microscopic
observations highlighted significant changes in the microstructure of the material after aging. These
changes usually appear as cracks in the binder/hemp shive interface as surrounded in the microscopic
images in Fig. 6. This is due to the swelling and shrinking phenomena and the poor adhesion between
the fibre and the binder of the hemp concrete. To better show the sensitivity of these hemp shives to
moisture, the expansion coefficient is calculated from the ratio of the hemp shive deformation and the
difference in moisture content between RH=0% and 85%. Firstly, moisture content was deduced from
literature results between a dry state (RH=0%) and a wet state (RH=85%), which corresponds to a
difference in moisture content of 10% [28]. Secondly, the deformation of the hemp shives between dry
and wet states was measured by ImageJ image processing software, and it is about 9.81%. Finally, an
expansion coefficient of 0.95 (%¢/ %w) was found. This coefficient is higher than that of wood,
which is about 0.4 [43]. This expansion coefficient confirms the sensitivity of hemp shives to moisture
and better explains the cracks observed after aging due to several swelling/shrinkage cycles of hemp

shives and their interaction with the binder.
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Fig. 6. Images of hemp concrete microstructure by Keyence microscope. On the left: before aging, on
the right: after aging.
In order to confirm these observations, microstructural changes were quantified. Firstly, the water
porosity of both unweathered and weathered hemp concrete was measured. The results are presented
in Fig. 7. The reference samples show a total porosity of 71.51%. This is in accordance with the
literature [5,30]. Indeed, the porosity proportionally depends on the quantity of plant-based aggregates
of the hemp concrete. In addition, the inter-particle porosity of hemp concrete depends on the size and
distribution of the used hemp shives in the material [28]. This heterogeneous distribution of hemp
shives in the material, as shown by particle size analysis (Fig. 3), implies a wide pore size distribution

and increases the complexity of the microstructure of hemp concrete.
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Fig. 7. Total porosity of weathered and unweathered hemp concrete.

According to the results shown in Fig. 7, the immersion/drying cycles seem to have an influence on
the total porosity. An increase of 2.64% of the weathered samples compared to the reference ones is
noted. This is in accordance with microscope observations that confirm the increase of the porosity
that could be explained by cracks on the binder/hemp shive interface and an eventual dissolution of the
hydrates initially present in the dough [44].

Indeed, a colour change of the immersion solution was observed after immersion/drying cycles. In
order to confirm the hydrate dissolution hypothesis and better understand the origin of the colour
change, chemical analysis of the immersion solution was therefore performed by ionic
chromatography. The latter allows to identify and quantify perfectly the cations and anions present in
the solution. Results of the chemical analyses performed on three solutions are presented in Table 2.
They highlight the presence of calcium, potassium, sodium and magnesium in the immersion solution.

These species are leached from hemp concrete (binder and/or hemp shives).
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Table 2 Chemical composition of the immersion solution obtained by ionic chromatography.

. . Calcium Magnesium Potassium Sodium
Immersion solution Ions

(Ca’) (Mg*) (K% (Na*)

Concentration (mg/L) 26.29 3.66 1.2 12

Without hemp/lime Number of solutions tested 3 3 3 3

leachate (tap water)
Standard deviations (mg/L) +6.98 +1.21 +0.11 +1.09
Concentration (mg/1) 625.76 12.48 314.59 17.34
With hemp/lime
leachate (tap water ~ Number of solutions tested 3 3 3 3
after aging)

Standard deviations (mg/l)  +51.85 +1.54 +5.81 +1.55

The pH values of weathered and unweathered hemp concrete were presented in Table 3. These results
confirm the basicity of these materials. A slight reduction of 1.4% of pH is obtained after aging. In
fact, literature studies have shown that fungal growth appears from pH values less than 10 [25]. In our
case study, a pH value higher than 10 was obtained for both cases of hemp concrete. This confirms
that immersion/drying cycles do not significantly affect the pH of hemp concrete and consequently do
not promote the growth of mould.

Table 3 pH of weathered and unweathered hemp concrete.

Hemp concrete Unweathered Weathered
pH 11.81 11.64
Number of simples tested 3 3
Standard deviation +1.13x 1072 +1,72% 102

Thermogravimetric analysis (TGA) was also performed for both weathered and unweathered hemp
shives and binder in order to identify the different decomposition phases of the hemp concrete (hemp
shive and binder). The aim was to compare the hemp concrete phases before and after aging. Fig. 8(a)
and Fig. 8(b) compare, respectively, the TGA and the dTG curves of the weathered and unweathered
hemp shives.

From Fig. 8(b), a first peak of phase change between 50 and 150 °C is noted, which corresponds to the
evaporation of the free water contained in the hemp shives. We also observe a main peak due to the
decomposition of cellulose between 300 and 380 °C [45]. The shoulder upstream of this main peak is

characteristic of the thermal depolymerisation of hemicellulose at around of 250 °C. In addition, the
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TGA curve presented in Fig. 8(a) shows that the mass loss of the weathered hemp shives is slightly
higher than that of the reference one. However, the peaks occurred in the same temperature ranges

with slightly different amplitudes, reflecting the difference in the amount of the dehydrated compound

in question.
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Fig. 8. TGA (a) and dTG (b) of the weathered and unweathered hemp shives.
In the same way, results of Fig. 9 compare TGA and the dTG curves of the weathered and
unweathered binder. The TGA and dTG curves shown in Fig. 9(a) and Fig. 9(b), respectively, are
nearly the same and exhibit identical behaviour with some slight variations in peak amplitudes. The
temperature ranges of these peaks are also identical. The first peak corresponds to the departure of the
free water in the pores at around 100 °C and water chemically bound to hydrates of C-S-H in

continuous form between 100 and 400 °C [46]. At 480 °C, a second peak was observed. The latter is
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due to the dehydroxylation of Ca(OH),. Finally, a last peak occurred between 750 and 850 °C. This is

due to the decarbonation of CaCOs.

a
.. (a)
I . Dehydroxylation
i I of Ca(OH),
-6 1 : I |
| | . —>
B ! N
g Evaporation | I ! Decarbonation
< 12 1 ofthefree | I I of CaCO;
E water I ' |
Departure of water
-18 1 chemically bound
to hydrates of C-S-H
'24‘ T T T T T T
0 150 300 450 600 750 900
Temperature (°C)
—— Unweathered binder —— Weathered binder
(b)
-0.2
~~
=
g
o 0.6 1
g
N/
&)
=
o -1 -
'1.4‘ T T T T

0 150 300 450 600 750 900
Temperature (°C)

——Unweathered binder ——Weathered binder

Fig. 9. TGA (a) and dTG (b) curves of the weathered and unweathered binder.
3.2. Hygrothermal characterisation
Hemp concrete is known for its low thermal conductivity, making it a good thermal insulator. This low
thermal conductivity depends mainly on the type of the plant-based aggregates but also on their size
(see Fig. 3) and their distribution in the material because the heat transfer in the longitudinal direction
of the hemp shives is higher than that in the transverse direction [6,28,29]. The average of these
measures is illustrated in Fig. 10. Results show a thermal conductivity value of 100.94 mW/(m'K) at
the reference state and 94.25 mW/(m-K) at the aging one. The standard deviations are 1.28 mW/(m-K)

and 0.34 mW/(m'K) for the reference and weathered samples, respectively. A decrease of 6.63% of
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thermal conductivity was observed between the two states. This decrease in thermal conductivity is in
agreement with the increase of the total porosity [47,48]. This is due to the modification of the
microstructure of the material and the increase of its total porosity after aging as shown above
(see Fig. 6 and Fig. 7). Indeed, the conductivity of air is much lower than that of hemp shives and
binder, and this caused a dampening of the transmission of heat, which resulted in a decrease in the

thermal conductivity of the weathered samples.
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Fig. 10. Thermal conductivity of weathered and unweathered hemp concrete [mW/(m-K)].
Furthermore, the evolution of water vapour permeability was measured. Fig. 11(a) and 11(b) show,
respectively, the comparison between the water vapour permeability and the diffusion resistance factor
obtained. Firstly, the results obtained for unweathered samples are in agreement with the literature [6]
and with the microstructure change as shown in Fig. 6 and Fig. 7.

After aging, an increase in water vapour permeability of 38.24% was observed in the weathered
materials. The standard deviations of this property are 8.07x107" kg/(m-s-Pa) and 2.16x107'
kg/(m's-Pa) for the reference samples and the weathered ones, respectively. This increase led to a
27.47% decrease in the diffusion resistance factor with a standard deviation of 0.261 and 0.186 of the
samples without and with aging, respectively. This is due to the modification of the material
morphology and the degradation of hemp shives quality due to the immersion/drying cycles.
Moreover, this can also be attributed to the increased porosity of materials after aging, which

ultimately resulted in a more hygroscopic material and therefore a more permeable one.
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Fig. 11. Parameter values characterising the water vapour diffusion of weathered and unweathered
hemp concrete: (a) water vapour permeability, (b) diffusion resistance factor.

To perform Moisture Buffer Capacity (MBV) measurements, the penetration depth was first calculated
to define the thickness of the sample to be characterized. Table 4 shows the results of penetration
depths of hemp concrete obtained in each case. An increase of 17.69 % of the penetration depth of
weathered materials compared to reference ones is noted. This is related to the increase of porosity and
water vapour permeability as shown above [49] (see Fig. 7 and Fig. 11). The increase of these two
properties (porosity and water vapour permeability) promotes the mass transfer kinetics as well as the
moisture variations in the material and increases consequently the penetration depth.

Table 4 Penetration depth of weathered and unweathered hemp concrete.

Material Weathered Unweathered
dp.1% (cm) 3.74 4.39
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Number of simples tested 3 3

Standard deviation (cm) +4.91x 10* +1.14x 1073

Therefore, for the study of MBV, a thickness of 5 cm, which is greater than the penetration depth, was
chosen.

Fig. 12 illustrates MBYV results for the two states of hemp concrete samples studied. Firstly, the MBV
results of the unweathered materials are in agreement with the literature [26]. Indeed, hemp concrete
has an MBV value of 2.27, which allows it to be classified as an excellent moisture regulator
according to the Nordtest project classification (see Fig. 5). This MBV value may depend on the size
and distribution of hemp shives in the material (Fig. 3), as these affect the moisture storage capacity of
the material [29].

Furthermore, results show that the moisture buffer capacity of weathered materials decreased slightly
compared to unweathered ones. This decrease is due to the aging of the hemp shives, which has
caused a degradation of its capacity to adsorb and restore moisture (natural moisture regulation).
However, despite a decrease of 11%, the weathered hemp concrete remains, according to the Nordtest

project classification, an excellent moisture regulator with an MBV index of 2.02.
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Fig. 12. Moisture buffer value (MBV) of weathered and unweathered hemp concrete.
Moreover, sorption isotherms were also evaluated for each case of hemp concrete. Fig. 13 shows
moisture content as a function of the relative humidity of the weathered and reference materials. The

moisture content at saturation state of the reference material (unweathered) was found to be higher
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than that of the weathered one. This can be explained, on the one hand, by the size and random
distribution of the hemp shives (see Fig. 3 and Fig. 6) and, on the other hand, by the aging of the
material and especially by the reduction of the adsorption capacity of the weathered hemp shives and
the decrease of moisture storage capacity of the weathered hemp concrete. This result confirms the
decrease observed in the MBV after aging [29]. In addition, a slight difference in the hysteresis loop
was noted between the two materials. The area of hysteresis loop was slightly higher for the weathered
material. This is due to the microstructure modification of the material, which becomes more complex
after aging. Indeed, the irregular pore size distribution can cause water entrapment in small pores
because of the ink-bottle effect [50,51]. That is why the emptying of large pores, during desorption,
begins only after the emptying of small pores under high capillary pressure. Therefore, this water can
remain trapped in small pores as long as the capillary pressure necessary for the evacuation is not

reached, and hence the difference between the hysteresis loops is noted.
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Fig. 13. Comparison of water vapour adsorption-desorption isotherms of the weathered and
unweathered materials.
3.3. Compressive strength evolution
The average measurements of the compression strength are shown in Fig. 14. The results are
consistent with the literature [13,40]. The compressive strength is influenced by the accelerated aging
of the material. A significant decrease of 51% was recorded on the weathered materials after aging,

with a standard deviation of repeatability of 0.089 MPa and 0.013 MPa for the reference and

20



weathered samples, respectively. This is due, on the one hand, to the degradation and debonding of the
binder/hemp shive interface (cracks) after the swelling and shrinkage of hemp shives as shown above
on the digital microscope images (see Section 3.1) and, on the other hand, to the porosity increase
caused by the immersion/drying cycles, which significantly weakens the mechanical behaviour of the

material.
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Fig. 14. Compressive strength of weathered and unweathered hemp concrete [MPa].
4. Conclusion
This work presents an experimental investigation of hemp concrete behaviour vis-a-vis the climatic
conditions (simulated by immersion/drying cycles) in order to better understand its durability. For this
purpose, microstructural, hygrothermal and mechanical properties of weathered and unweathered
materials were evaluated. The following conclusions are drawn:

* The studied thermo-hydro-mechanical properties of hemp concrete depend on its
microstructure and, mainly, the adhesion of binder/hemp shive interface. Observations with a
digital microscope (Keyence) and porosity measurements showed the effect of aging on the
microstructure of hemp concrete. Several cracks were found in the binder/hemp concrete
interface, and an increase of 3% in total porosity was recorded. These microstructure changes
engender: (i) a reduction in the diffusion resistance factor, the moisture buffer value (MBV)
and the compressive strength of 51%, and (ii) an increase in the water vapour permeability and
the penetration depth of the hemp concrete of 38% and 18%, respectively. However, we have
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noted a positive impact of aging on the thermal conductivity of hemp concrete. A decrease of
6% of this property was noted for the weathered materials.

Chemical analysis performed on the immersion solution confirms the presence of calcium,
potassium and magnesium, which may result from the dissolution and leaching of some
hydrates. This too has contributed to the microstructure changes of hemp concrete after aging.
In addition, thermogravimetric analysis (TGA) has shown that the weathered and unweathered
hemp shives and binder have nearly the same behaviour at high temperature. Small variations
of peak amplitudes due to the difference in the amount of dehydrated compound were noted.
Finally, this investigation showed that immersion/drying cycles do not affect the pH of hemp
concrete. Both materials (weathered and unweathered) presented a basic pH of about 11,
which according to the literature does not promote mould growth. However, the fungal
development of the material should be monitored over time to avoid any risk of this type of

material degradation.
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