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Abstract: In this article, the functional properties of hemp concrete are studied. Hemp concrete stands

to reduce the carbon impact and improve the energy consumption of houses. Hence, numerous

properties are measured: mass and dimension (volume) variations are found, as is the variability in

hygrothermal properties (density, thermal conductivity, heat capacity, moisture buffer value, and

water vapor permeability). This entry proposes three different characterization campaigns. The

first is a short introduction to the spatial variability in thermal conductivity; the second is dedicated

to the study of univariate variations in the mass, volume, and hygrothermal properties of hemp

concrete samples. The last one tackles the aging evolution of the properties characterized during

the second campaign, in which the samples follow several aging protocols, including exposure to

outdoor conditions, the application of immersion-drying cycles, and the application of freeze–thaw

cycles. A set of samples is kept under control conditions to allow for comparison. As the main result,

spatial variability was found in the material. This is related to the random manufacturing variability

or the spatial position regarding the height of the manufactured element. A high univariate variability

is found across hemp concrete samples. Moreover, the storage of samples under stable reference

conditions implies very little change in the studied materials’ properties, whereas all accelerated

aging protocols implied major changes of properties. In particular, we observed an evolution of the

thermal conductivity of the samples kept under control conditions for 4 months, with the thermal

conductivity ranging from −2.7% to +6.3% with a mean evolution of +1.22%. We observed an increase

in the same property, ranging from +2.7% to +18.3%, with a mean of +9.0% for samples kept for

4 months under natural outdoor conditions, an increase ranging from +7.3% to +23.6% with a mean

of +15.2% for samples that had undergone 20 cycles of immersion-drying, and an evolution of this

property ranging from −5.6% to +12.3% for samples that had undergone 20 freeze–thaw cycles.

Keywords: hemp concrete; hygrothermal properties; variability; accelerated aging; carbonation

1. Introduction

There is currently a consensus in the international scientific community on the respon-
sibility of human beings for global warming and on the need to reduce the anthropogenic
environmental impact. This requires reductions in both greenhouse gas emissions and the
use of fossil resources [1,2]. The house-building sector could be an action lever. Indeed,
it represents a very important part of the carbon footprint and a relevant share of global
energy consumption [3].

Across the literature, life cycle assessment (LCA) tools are used to assess the environ-
mental impact of materials. LCA, applied to a building, is a calculation of the global impact
of the building throughout its lifespan. Some LCAs applied to buildings have shown that
the most impactful phase of a building’s life is the operational phase [4–7]. Therefore, the
choice of building materials could have a significant impact on the LCA of the buildings, as
it is related to the thermal regulation and heat consumption of buildings [8].
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Hence, among the possibilities that have currently been proposed to reduce house-
building’s impact on global warming, we can quote: improvements in the quality of the
regulation of the hygrothermal conditions of both existing and future buildings—which
enables reductions in the impact of the operation phase on buildings’ LCA—and the use of
cleaner building materials for new constructions, which enables reductions in the impact of
all other phases in buildings’ LCA.

In this context, hemp concrete fulfills the two previously cited environmental impact
improvement criteria. Indeed, the LCA of hemp concrete walls showed that the overall
carbon footprint of the material is excellent. This result is mainly due to the CO2 captured
by the plant during its growth and to the hemp concrete’s CO2-capture capacity during the
building’s lifespan, which can mean that hemp concrete has an overall positive impact on
greenhouse gas emissions [9–11]. Moreover, hemp concrete shows a great ability to regulate
the indoor atmosphere of buildings. Indeed, bio-based concretes have the advantage
of both being very good thermal insulators and being very good humidity regulators
in buildings [12,13]. These abilities make this material a very good candidate to reduce
buildings’ environmental impact while maintaining pleasant living conditions for the
building’s occupants.

However, hemp concrete is a relatively recent material, since its implementation only
started in the 1990s. Hence, there are still some related issues. The variability of the
functional properties of samples of the same formulation of hemp concrete has rarely
been studied in the literature. Nguyen et al. [14] studied the impact of compaction on
dimensional, mechanical, and thermal properties. They showed that a higher compaction
improves mechanical properties and reduces porosity, implying an increase in both den-
sity and thermal conductivity. Niyigena et al. [15] studied the impact of the number of
samples that are characterized on the mechanical properties found for hemp concrete.
The present article contains a study of the univariate variation in dimensional, thermal,
and hygric properties on a large batch of samples of the same formulation, which is new
in the literature.

Additionally, some questions remain concerning the durability of the material de-
pending on the environmental conditions the material faces during its lifetime. Some
articles regarding the aging of hemp concrete have already been released. Some accelerated
aging techniques, such as immersion–drying cycles [15–19], freeze–thaw cycles [20–23],
and exposure to natural outdoor conditions [24,25], are found. The results can vary for
the same aging type from one article to another, depending on the sample’s shape, the
material formulation, or the duration of the aging. For instance, study [23], regarding the
freeze–thaw technique showed no effect on the structure of materials or on the reinforce-
ment of mechanical properties after 10 cycles, while Ismail [22] found a huge impact on
these aspects and the deterioration of mechanical properties after 10 cycles of the same
aging type. We can also cite existing work on the application of humidification/drying
cycles [22,25,26] that corresponds to the most typical constraints that the material can face in
real applications, and work focusing on accelerated carbonation [24,27], which corresponds
to the typical solidification process of the material in real application cases, work focusing
on simple immersion for long durations [28], and work focusing on more exotic aging
processes, e.g., sulfate attack [29] or mold growth [30].

The main objectives of this paper are to complete existing works, to provide new data,
and to compare new findings with the literature results to access the reproducibility of the
behavior observed in the literature. The article focuses on the mass, dimensional, thermal,
and hygric property evolutions according to the aging technique.

For this purpose, the thermal properties of hemp concrete samples were measured.
Regarding the univariate variability, the mass, dimensions and thermal properties of
88 samples sized 4 × 4 × 16 cm3 were determined after a drying phase. The univariate
variability of hygric properties on 3 to 5 cylindrical samples sliced from manufactured
ø11 × 22 cm samples after a particular curing time, without any prior drying phase.
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This article also describes tests carried out on hemp concrete samples aged according
to three distinct techniques: one set of samples was exposed to outdoor conditions, and the
other two sets were subjected to two types of accelerated aging protocols, i.e., freeze–thaw
cycles and immersion–drying cycles. The results of these tests were compared to those
found for the reference samples that had not undergone any specific aging protocol.

As the samples are aged, attention is paid to the evolution of the physical properties
of hemp concrete with respect to the applicable conditions. The aging processes applied to
the samples are deliberately fast-acting in order to observe marked changes in properties
within a relatively short period of time. The objective behind applying these accelerated
protocols is to determine and highlight the causes leading to the observed evolution in
properties and draw conclusions regarding hemp concrete aging modes.

Moreover, no study could be found in the literature on the spatial variability of this
material. We therefore sought to remedy this shortcoming by both focusing on the position
of the characterizations of samples made during the univariate and aging studies presented
above and by characterizing a larger sample specifically manufactured for this study,
namely a hemp concrete beam. On this particular sample, we studied the spatial variability
in the material’s thermal conductivity on one side of the beam in 2D.

2. Materials and Methods

2.1. Materials

The hemp shiv used for this study was provided by the CHANVRIBAT company as a
byproduct of hemp fiber manufacturing. Its properties are detailed in Table 1 [31].

Table 1. Hemp shiv and binder characteristics.

Hemp Shiv Binder

Skeleton density 1380 kg/m3 75% hydrated lime containing 98% Ca(OH)2

Particle density 256 kg/m3 15% hydraulic binder

Particle length 2 to 25 mm 10% pozzolanic binder

Particle width 0.5 to 8 mm

The binder used to produce hemp concrete is the lime referred to as “Tradical PF70”.
It has been specifically designed to produce hemp concrete. Depending on the mix design,
the binder may be used for different applications, such as wall, lining, screed and roofing.
Several designs have been proposed by the manufacturer in order to obtain the best final
properties of hemp concrete for each targeted application [32]. The binder composition is
listed in Table 1 [33].

2.1.1. Mix Proportions

The hemp concrete formulation studied herein corresponds to the “wall” applica-
tion indicated on the technical binder sheet [33]. The mix design (by weight ratio) is
given in Table 2.

Table 2. Mix mass proportions.

Water (%) Binder (%) Hemp Shiv (%)

51.5 32.3 16.2

2.1.2. Samples Description

Three distinct types of test samples were required to perform both of the experimental
characterizations. Their shape, number and dimensions, and the type of characterization
applied, are summarized in Table 3.
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Table 3. Sample description.

Sample Shape Number Dimensions Type of Characterization

Rectangular parallelepiped 88
Base: 4 × 4 cm2

Length: 16 cm

Random univariation and aging of dimensional and
thermal properties: mass, volume, density,
carbonation rate, thermal conductivity,
thermal capacity

Cylinder 33
Diameter: 11 cm

Height: 22 cm

Random univariation and aging of hygric properties:
Moisture Buffer Value (MBV) and water
vapor permeability

Rectangular parallelepiped beam 1
Length: 125 cm
Height: 20 cm
Width: 9 cm

Spatial variability in the thermal conductivity of the
material: thermal conductivity and heat capacity

2.1.3. Initial Curing Conditions

Once the parallelepiped molds were filled and leveled with fresh hemp material, the
samples were cured for 3 days under climatic conditions at 20◦ ± 2 ◦C temperature and
50 ± 10% relative humidity. Next, the samples were demolded and dried for 21 additional
days under the same conditions, i.e., for a total curing time of 24 days.

In the case of the cylindrical samples, the samples were molded for 10 days. After
unmolding, they were cured for 28 days under the same conditions as previous samples,
i.e., for a total curing time of 38 days.

A hemp beam was manufactured by pouring and leveling a waterproofed laminated
plywood framework with fresh material. After unmolding, the beam was stored in the
curing room for 2 months.

2.1.4. Reaction Mechanisms

The hardening and cohesion of the material mainly occurred due to two reaction
mechanisms [25]: binder hydration and carbonation. The chemical reactions of hydration
are expressed in Equations (1) and (2). This phenomenon is enabled by the initial water in
the mixture, which serves to hydrate the lime-based binder.

C3S + H2O → −CSH + 1.3Ca(OH)2 (1)

C2S + H2O → −CSH + 0.3Ca(OH)2 (2)

The chemical reaction equations of carbonation are given in Equations (3) and (4).
CO2 is present in the atmosphere of the curing room, along with portlandite (Ca(OH)2)
created by the hydration of lime (Equation (3)) and uncarbonated lime remaining in the
material after hydration (Equation (4)).

Ca(OH)2 + CO2 → −CaCO3 + H2O (3)

CSH + CO2 → −CaCO3 + silica gel + H2O (4)

2.2. Tests and Protocols

2.2.1. Study Description

Univariate Variability Study

The variability study consists of characterizing numerous samples in order to highlight
the variations in the dimensional and hygrothermal properties of samples after their initial
curing. The samples were all manufactured at the same time; hence, parameters such as
mix design, manufacturing protocol and curing conditions are identical. This study will be
referred to as “healthy material characterization” or “initial characterization campaign” for
the dimensional and hygrothermal properties, since most samples tested in this study were
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subsequently used for the aging study. This variability study characterized the properties
of the 88 parallelepiped samples and 5 cylindrical samples. The properties identified for
each type of material are described in Table 4.

Table 4. Description of the univariate variability characterization.

Sample Shape Number Type of Characterization

Rectangular parallelepiped 88
Mass, volume, density, carbonation rate,
thermal conductivity, thermal capacity

Cylinder 5
Moisture Buffer Value (MBV), water

vapor permeability

Spatial Variability Study

The spatial variability study of the material consists of locally characterizing a hemp
beam in order to analyze the variation in thermal conductivity across the beam. The aim of
this study was to derive the spatial distribution of thermal conductivity in a bigger sample
that is more representative of a hemp wall; the results led to a greater appreciation for the
material-scale study. It also seeks to determine the potential variability at a higher scale for
a more accurate representation of laboratory samples. A comprehensive study will address
this specific aspect. Thermal conductivity is characterized on one of the larger molded
beam faces (125 × 20 cm2), while testing is performed at the intersections of a 6.25 × 5 cm2

rectangular grid drawn (with a marker) on the face, as shown in Figure 1.

Figure 1. Zones characterized for the thermal conductivity on the beam face (top view): (a) diagram

of the characterized zones (top view); (b) photograph taken during characterization.

Aging Study

As for any material composed of organic components, the aging of hemp could consti-
tute a significant study. The objective of this work is to derive the evolution of dimensional
and hygrothermal properties, as well as drawing conclusions on the phenomena occurring
in samples during aging and evaluating their impact on the material integrity. The obtained
results were then compared to a set of reference materials that did not follow any specific
aging protocol. The reference and aging protocols are described below.

2.2.2. Reference Conditions and Aging Protocols

Reference Conditions

The aim of introducing reference specimens was to ensure that the evolution of
properties observed during aging is solely due to the aging conditions applied, rather than
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an intrinsic material evolution that occurs under any conditions (e.g., ettringite formation
in cement-based materials). The evolution of properties in this set of samples will be
compared to the evolution observed for samples undergoing aging.

The reference samples were held in the curing room after their initial characterization,
like the samples used in the univariate variation study (i.e., rectangular parallelepiped
samples), as well as throughout the lifetime for samples not characterized in this study,
the aged specimens (i.e., cylindrical samples). The curing room conditions consisted of
20◦ ± 2 ◦C temperature, and 50 ± 10% relative humidity. The sample properties were
characterized at 1 month, 2 months, 3 months and 4 months after being kept under these
reference conditions; their initial curing time and ultimate initial characterization are
presented in Table 5.

Table 5. Aging protocol description: reference and natural outdoor specimens.

Aging Protocol Reference Natural Outdoor

Temperature (◦C) and relative humidity (%) T = 20◦ ± 2 ◦C, RH = 50 ± 10% Outdoor conditions; see figure in [2]

Samples characterized after aging: 1, 2, 3 and 4 months 1, 2, 3 and 4 months

Exposure to Natural Outdoor Conditions

Exposure to natural outdoor conditions entails placing the samples outdoors. The ob-
jective of this type of aging is to study the impact of exposure to actual climatic conditions on
the studied properties. The samples selected for outdoor exposure were maintained on plas-
tic surfaces to guarantee that the evolution of properties through aging was solely due to the
inherent climatic conditions. In particular, the supports ensure that samples are unaffected
by any ground compound and that rainwater does not accumulate around the samples.

To effectively understand the monthly evolution of the physical properties observed
after exposure to outdoor conditions, we must introduce the conditions faced by the
samples during their exposure time. The two types of conditions taken into account
are temperature in ◦C and daily precipitation in mm. For temperature, the focus is on
the minimum and maximum daily temperatures, as depicted in Figure 2a. These data
serve to determine if the weather was hotter or colder during specific periods, and if the
amplitude of daily variations was wider or narrower. The daily precipitation levels are
also shown in Figure 2b; these data are useful in indicating whether the specific periods
were rainy or dry and whether the samples were confronted with especially harsh con-
ditions during these periods. The sample properties were characterized after 1 month,
2 months, 3 months and 4 months of aging, subsequent to their initial curing time and
initial characterization, if applicable (Table 5).

Immersion–Drying Cycles

Accelerated aging achieved by applying immersion–drying cycles allows for both the
effect on material properties from mechanical stress due to the swelling and shrinkage
generated by the repetition of cycles and the effect of potential chemical reactions between
water and the material during these cycles to be studied. In the first part of the cycle, the
samples are immersed in tap water at ambient temperature (20◦ ± 2 ◦C) for 48 h, while in
the second part they are dried under room conditions (25◦ ± 2 ◦C, 40 ± 15% RH) for 48 h.
The sample properties are characterized at 2, 4, 8, 12, 16 and 20 cycles after their initial
curing time and possible initial characterization. This entire process is detailed in Table 6.

Freeze-Thaw Cycles

Accelerated aging by means of freeze–thaw cycles allows for both the effect on the
material due to mechanical stress associated with the expansion of water during its liquid-
to-solid state transition and the effect of the possible chemical reactions between water
and the material during these cycles to be studied. To maximize the effect of freezing on
the material structure, samples are pre-saturated with water by immersion phases during
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aging. The aim is to fill the material pores with water so that the stress caused by freezing
is maximized.

Figure 2. Meteorological conditions during the natural outdoor aging of samples: (a) daily extreme

temperatures; (b) daily precipitation amount.

Table 6. Aging protocol description: immersion–drying and freeze–thaw.

Aging Protocol Immersion–Drying Freeze–Thaw

Description of cycles
Phase 1: Immersion, 48 h

Phase 2: Drying, 48 h
Total duration: 96 h

Pre-cycle: Immersion, 48 h (once every 4 cycles)
Phase 1: Freeze, 48 h
Phase 2: Thaw, 48 h

Total duration: 144 or 96 h

Cycle conditions
Phase 1: Underwater, T = 20◦ ± 2 ◦C

Phase 2: T = 25◦ ± 2 ◦C and
RH = 40 ± 15%

Pre-cycle: Underwater, T = 20◦ ± 2 ◦C
Phase 1: T = −18◦ ± 0.5 ◦C

Phase 2: T = 20◦ ± 2 ◦C, RH = 50 ± 10%

Samples characterized afterwards: 2, 4, 8, 12, 16 and 20 cycles 2, 4, 8, 12, 16 and 20 cycles

Pre-saturation in water took place before the first cycle and after each of the 4 cycles.
The samples were immersed in tap water at room temperature (20◦ ± 2 ◦C) for 48 h. The
freeze–thaw cycles were performed in two phases. During the first phase, the samples were
frozen at −18◦ ± 0.5 ◦C for 48 h, while during the second, the samples were thawed for 48 h
in the initial curing room (20◦ ± 2 ◦C, 50 ± 10%). The sample properties were characterized
after 2, 4, 8, 12, 16 and 20 cycles, following their initial curing time and potential subsequent
initial characterization. The complete process is summarized in Table 6.

2.2.3. Testing Protocols

Conditioning Pre-Characterization

All information regarding the conditioning pre-characterization will be presented in
detail below and summarized in Table 7.

Table 7. Conditioning pre-characterization.

Sample Shape Conditioning Pre-Characterization

Rectangular parallelepiped
Dried in an oven at 40 ◦C until the 24 h mass variation in the

sample was less than 0.1% of the sample mass

Cylinder
Held at T = 20◦ ± 2 ◦C and RH = 50 ± 10% until the 24 h mass
variation in the sample was less than 1% of the sample mass

Rectangular parallelepiped beam After 2 months of curing at T = 20◦ ± 2 ◦C and RH = 50 ± 10%
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Before any characterization steps and for all studies, the cylindrical samples were
stored under curing conditions, corresponding to 20◦ ± 2 ◦C temperature and 50 ± 10%
relative humidity until reaching equilibrium with the room conditions. The latter is attained
once the daily relative variation in weight is less than 1% of the specimen.

Before characterization and for all studies, the rectangular parallelepiped samples
were dried in an oven at 40 ◦C until no residual water remained. This criterion is considered
to be met once the daily relative variation in mass is less than 0.1%. The 40 ◦C temperature
threshold was chosen to allow for rapid drying while remaining low enough not to involve
major changes in the material. This temperature was also selected in other studies of hemp
concrete durability [23,25].

Before characterization, the beam was not subjected to any special pre-conditioning.
It was directly tested at the end of its initial 2-month curing period in the curing room,
which corresponded to: a temperature of T = 20◦ ± 2 ◦C, and a relative humidity of
RH = 50 ± 10%.

Mass, Dimension and Density

Mass was measured using scales with a 0.01 g accuracy for the rectangular paral-
lelepiped samples and 0.1 g accuracy for the cylindrical and beam samples (Figure 3a).

Figure 3. Mass and spatial dimensional measurements: (a) mass; (b) spatial dimension.

For the initial characterization campaign, all specimens were weighed at the end of
the curing period. Next, the rectangular parallelepipeds were subjected to the drying phase
of their conditioning pre-characterization in an oven.

The samples undergoing freeze–thaw cycles were weighed after each water saturation
and at the end of each cycle (i.e., after thawing). The samples undergoing immersion–
drying cycles were weighed after each immersion and drying step. The samples held under
reference conditions and those aged outdoors were only weighed at the end of their aging
period, when they were subjected to the pre-characterization phase indicated above to
obtain the new stabilized mass. The dimensions were measured using a 0.01 mm precision
caliper for all samples of both shapes (Figure 3b). The rectangular parallelepipeds were
measured in three dimensions: length, width, and height. Each dimension was measured at
three points of the sample, with these points being distributed all along the dimension. The
average value of these measurements was calculated in order to obtain better dimensional
measurements. The cylindrical samples were measured in two dimensions: diameter
and height. Each dimension was measured at six points of the sample, with these points
being distributed all along the perimeter for the height and all around the sample for the
diameter, with an angle of approx. 30◦ between each measurement. The average value
of these measurements was calculated in order to obtain a correct approximation of the
dimension. The beam dimensions were characterized just once, at the end of the curing
time, using a ruler with a 1 cm accuracy for length and another ruler with a 1 mm accuracy
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for both width and height. Each dimension was measured six times at regular intervals to
represent the total sample volume.

The sample volume can be simply estimated by considering that the specimens per-
fectly fit their geometric form and by using appropriate volume formula, relying on the
previously obtained dimension. The density, in kg/m3, was estimated for each sample by
dividing its mass in kg by its volume in m3. For the beam specimen, both the mass and
volume are only known at the end of curing time; hence, the density of this sample can
only be derived at that time.

Carbonation Rate

The carbonation rate of samples was measured by means of the phenolphthalein test.
Phenolphthalein is a colorless acid/base indicator that turns purple when brought into
contact with a material whose pH lies above 9. This case arises when the uncarbonated
binder remains in the material. In contrast, carbonated lime has a pH above 9, meaning
that contact with phenolphthalein will led to a transparent surface [34]. For a given surface,
the carbonation rate can be determined by measuring the area of the purple surface and
calculating the ratio of this area to the total tested surface area.

Furthermore, the global volume carbonation rate of parallelepiped samples was found
as part of this study. To proceed, the samples were divided in two (approx. at mid-length)
and the two resulting parts were subjected to the phenolphthalein test. Let us consider the
result to be equal to the central surface carbonation rate of both specimens. To derive this
rate, the surface dimensions were roughly 4 cm × 4 cm, corresponding to width × height.
The uncarbonated area of this surface was measured with a caliper and the obtained value
was then used to calculate the carbonation rate with the following formula (Equation (5)).

Crate =
Stot − Scar

Stot
(5)

where

• Crate: carbonation rate (no units).

• Stot: total studied surface area (m2).

• Scar: carbonated surface area (m2).

Thermal Conductivity and Heat Capacity

These measurements were conducted using the Hot Disk apparatus on both the
rectangular parallelepiped samples and the beam. This protocol consists of applying
heating power to a material surface using the nickel alloy resistance. The apparatus then
simultaneously records the evolution in temperature at the material surface; thanks to the
mathematical developments by Gustavson et al. [35], thermal properties such as thermal
conductivity, thermal diffusivity and heat capacity can be determined. The experimental
conditions were set as follows: heating power of 20 mW, heating duration of 20 s, a heating
resistance isolated from the outside atmosphere on the upper face by polystyrene (Figure 4).
It was assumed during testing that the material was isotropic. The thermal conductivity
value, in W/(m.K), and specific heat capacity, in J/(kg.K), of a parallelepiped are therefore
derived by taking the average of four measurements, i.e., one for each rectangular face of
the specimen. For the beam, this value was obtained by a single measurement for each
characterized point.

The initial result regarding heat capacity is given in MJ/(m3.K); this is then con-
verted to the standard heat capacity unit, J/(kg.K), by dividing the result by the calculated
sample density.

Moisture Buffering Value (MBV)

The Moisture Buffering Value (MBV) measurement follows the standard set forth in
the NORDTEST protocol [36]. The measurement was carried out on cylindrical samples
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(ø11 × 22 cm) cut into slices about 5 cm thick, as recommended in the standard. This result
yields the Representative Elementary Volume of the material, as found in [27,37,38]. The
sample sides are laterally isolated from the exterior atmosphere by a layer of aluminum
adhesive to ensure unidirectional flow inside the material (Figure 5a).

Figure 4. Hot Disk set-up for thermal property characterization: (a) before characterization;

(b) during characterization.

Figure 5. Hygric property characterization: (a) sample for the MBV test; (b) set-up for the water

vapor permeability test.

Afterwards, they were subjected to loading cycles, during which they were exposed
to two distinct ambient conditions (in a climate chamber). During the first step of the
cycle (8 h), the conditions were as follows: 23◦ ± 0.1 ◦C temperature, and 75 ± 2% rel-
ative humidity. During the second step (16 h), the conditions were 23◦ ± 0.1 ◦C and
33 ± 2%, respectively. The specimens’ weight increased when exposed to a high humidity
(adsorption phase) and decreased when exposed to low humidity (desorption phase). No
time interruption was introduced between the two consecutive cycles. Regular mass mea-
surements were performed during each cycle. The MBV, expressed in kg/(m2.%RH), could
be obtained using the formula given in Equation (6).

MBV =

∆m

S·∆RH
(6)

where:

• MBV: moisture buffer value of the sample (kg/m2.%RH).
• ∆m: variation in sample mass over a complete cycle step (kg).

• S: sample surface area exposed to the atmosphere (m2).

• ∆RH: variation in the air’s relative humidity between two cycle phases (%RH−1).
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As specified in the NORDTEST protocol [36], the experiment is to stop when the
‖∆m‖ of three consecutive cycles does not vary by more than 5%. The MBV of a sample is
therefore the average values of the adsorption and desorption phases obtained for these
three cycles.

For the initial campaign, five samples originating from three different cylinders
(ø11 × 22 cm) were studied in order to derive the average MBV over a minimum of three
samples, as recommended in the NORDTEST protocol [36]. After aging, three samples
were characterized for each evaluated aging step. In these cases, and for logistical purposes,
the sample pieces stemmed from one or two aged samples.

Water Vapor Permeability

The water vapor permeability measurement is performed by following the dry cup
test method described in the NF EN ISO 12572 standard [39]. More specifically, cups and a
climate chamber were the main equipment used for this test. The only deviation from the
standard was the specimen thickness. Measurements were carried out on cylindrical sam-
ples cut into slices of approximately 5 cm, corresponding to the Representative Elementary
Volume of the material [27,37,38].

The samples served as lids of cups specially designed for this type of experiment and
constituted the only permeable wall separating two atmospheres with different relative
humidity values, i.e., one located inside the cup, and the other outside. The sample sides
were isolated from the exterior atmosphere by a layer of aluminum adhesive to ensure
unidirectional flow inside the material (see Figure 5b).

The principle behind this experiment was to measure the mass exchange of water
vapor between the interior and exterior atmospheres of the cup; this parameter is correlated
with their water vapor pressure delta. Water vapor will migrate from the climate chamber
to the cup with the lower water vapor pressure. To achieve this step, the water vapor must
pass through the entire thickness of the material separating the two atmospheres, since
this constitutes the only permeable wall lying between them. The more streamlined this
crossing, the higher the water vapor permeability and vice versa.

The water vapor permeability, expressed in kg/(m.s.Pa), is obtained by the following
formula (Equation (7)).

δ =

∥

∥

∥

∆m
∆t

∥

∥

∥

S·∆Pv
·d (7)

where:

• δ: water vapor permeability (kg/(m.s.Pa)).
• ∆m: mass differential between two mass measurements (kg).
• ∆t: time between two consecutive measurements (s).

• S: surface area of the sample (m2).
• d: sample thickness (m).
• ∆Pv: water vapor pressure differential between the interior and exterior atmospheres,

which is related to the ∆RH and ∆T between them (Pa).

In our case, we applied the dry cup method. The conditions for the exterior atmosphere
were as follows: 23◦ ± 0.1 ◦C temperature, 50 ± 2% relative humidity. These conditions
were controlled in a climate chamber. The conditions for the interior atmosphere were
T = 23◦ ± 0.1 ◦C, RH = 0 ± 5%; they were ensured by the silica gel contained in the cup.
This set of conditions created a ∆Pv of around 1400 Pa between the interior and exterior
atmospheres. Mass measurements of the cup were carried out every 24 h.

As a more meaningful unit of measurement, it is common to express water vapor
permeability in terms of equivalent air thickness. This thickness is obtained by the formula
below (Equation (8)).

µ =

δair

δmat
(8)

where:
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• µ: equivalent air thickness (no unit).

• δair: water vapor permeability of air, equal to 1.95 × 10−10 (kg/(m.s.Pa)) at 23 ◦C.
• δmat: water vapor permeability of the material (kg/(m.s.Pa)).

The reference measurement campaign took place on three unaged specimens. During
these measurements of the intact material, one sample was removed from the batch to be
measured. This method enabled an average water vapor permeability to be obtained for
three samples, as recommended in the standard. After aging, just two pieces of samples
were characterized for each aging step under study. However, given the large number of
aging parameters to be tested, the values obtained after aging were most often extracted
from a single specimen cut into two pieces.

3. Results and Discussion

3.1. Spatial Variation Characterization

3.1.1. Dimensional Properties

The sample characterized in this study is the beam whose dimensional properties
were characterized at a global scale and hence not the subject of a spatial variability
study in this article. The dimensional properties characterized are sample mass, vol-
ume and density; these characteristics were measured as follows: 10.645 kg, 0.225 m3,
and 473 kg/m3, respectively.

3.1.2. Thermal Conductivity Spatial Variability

The results of the beam’s layer-by-layer thermal conductivity characterization are
summarized in Table 8. The values of thermal conductivity observed varied between
0.161 W/m.K and 0.214 W/m.K, with a median value of 0.183 W/m.K and an average of
0.186 W/m.K.

Table 8. Summary of spatial variability of thermal conductivity (W/m.K).

Layer Mean Median Min Max Standard Deviation

All 0.186 0.183 0.161 0.214 0.015
Upper 0.190 0.187 0.165 0.214 0.017
Middle 0.188 0.193 0.163 0.211 0.016
Lower 0.181 0.178 0.161 0.202 0.010

As regards the dependence of spatial variations on the characterization length, which is
represented by the number of points characterized in the graph, mostly random values were
observed; they did not seem to be correlated with the spatial position of the characterized
point (Figure 6).

Figure 6. Spatial variability characterization of thermal conductivity on the beam face.
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As for the correlation with characterization height, as represented by the characterized
beam layer (upper, middle or lower), Table 8 shows that the properties of the upper and
middle layers are relatively close. However, the lower layer shows significant differences
with the other two. For this particular layer, smaller mean and median values were
observed, i.e., about 5% below the other layer values. Given the smaller variations between
the characterized points of this layer (as indicated by the lower standard deviation), the
value for this layer is roughly 40% less than that of the others. These differences can be
explained by the better tamping of this layer during manufacturing (which involves three
filling and tamping phases). All tamping phases affect the lower layer (a homogeneous
material), while the middle and upper layers undergo more limited tamping phases. This
feature may also explain the overall lower thermal conductivity value, since it implies a
decrease in the particles at the bottom of the matrix in the fresh state. These particles are
hemp shiv; they are responsible for the low thermal conductivity of the entire material, as
their typical thermal conductivity is below 0.06 W/m.K [40].

For a more complete view, further statistical studies would be needed to properly
analyze these data and determine each variability type. However, this is not the aim of
this paper.

3.2. Random Univariate Characterization

3.2.1. Dimensional Properties Random Uni-Variation

The initial dry mass of the rectangular parallelepiped samples ranged from 98.83 g to 116.15 g.
Except for the extremely high values, this distribution was relatively homogeneous over
this range of values, as evidenced by the quasi-linear curve that was observed. This
finding was been confirmed by the proximity of the median and average values, i.e.,
90.02 g and 90.28 g, respectively.

The initial dry volume of the rectangular parallelepiped samples, sorted by increasing dry
volume, lies between 220.91 cm3 and 268.07 cm3. The distribution was relatively homogeneous
over this range of values, as exhibited by the quasi-linear curve (Figure 7) and confirmed by
the proximity of the median and average values, which equal 254.16 cm3 and 252.32 cm3, re-
spectively. The initial dry density of the rectangular parallelepiped samples varied between
288 kg/m3 and 445 kg/m3, with a relatively homogeneous distribution over this range of
values, as demonstrated by the quasi-linear curve observed and once again confirmed by
the proximity of the median and average values, i.e., 365 kg/m3 and 357 kg/m3, respec-
tively. Generally speaking, the specimens exhibited a slightly higher density than that
specified by the binder manufacturer, i.e., 320 kg/m3. Nevertheless, the density values
found mostly ranged from 300 to 400 kg/m3, corresponding to the expected order of
magnitude. The observation of a density above the theoretical value being obtained after
manufacturing has already been reported in numerous papers [12,25].

Figure 7. Variability of the thermal properties of samples after initial curing: (a) thermal conductivity;

(b) heat capacity.
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3.2.2. Thermal Conductivity Random Uni-Variation

The initial dry thermal conductivity of the rectangular parallelepiped samples is repre-
sented in Figure 7a. The thermal conductivity of the samples lies between 0.117 W/m.K
and 0.154 W/m.K. The median value equals 0.134 W/m.K, while the average is also
0.134 W/m.K. The thermal conductivity value of samples tends to increase linearly with
increasing density. This result corroborates theoretical expectations. These values are all
higher than those specified by the manufacturer, i.e., 0.085 W/m.K. This difference may
possibly be explained by the measurement method employed for this characteristic, which
is local and does not reflect the global sample behavior. However, the obtained thermal
conductivity values remain within the order of magnitude of those expected for hemp
concrete, i.e., around 0.1 W/m.K [16,25]. Moreover, when studying the exact same material,
Evrard [12] also found a higher thermal conductivity than the theoretical value.

3.2.3. Heat Capacity Random Uni-Variation

The initial dry thermal capacity of the rectangular parallelepiped samples is displayed
in Figure 7b. The heat capacity of the samples lies between 764 J/kg.K and 1119 J/kg.K,
with a median value of 995 J/kg.K and an average of 1000 J/kg.K. This value tends to
increase slightly with an increase in density. However, the obtained values can vary quite a
bit for samples within the same density range.

Unfortunately, the significant heterogeneity of the results suggests that a property
was poorly characterized by the characterization method applied in our specific case. This
conclusion can be correlated with the results obtained in [41], in which the authors observed
a sizable deviation in the specific heat capacity measured on hemp concrete using the Hot
Disk method.

Therefore, the results of this property will not be included in the aging study presented
in this article.

3.2.4. Moisture Buffering Value (MBV)

The initial MBV of the five cylindrical sample pieces studied herein is depicted in Figure 8a.
A rather varied range of MBV values was observed, extending from 1.95 kg/m2.%RH to
2.15 kg/m2.%RH, with an average of 2.03 kg/m2.%RH. According to the NORDTEST
protocol classification, this average value qualifies hemp concrete as one of the top-tier
materials for moisture buffering, as revealed by comparison with the classification given
in Figure 8b. This tier corresponds to the “excellent” moisture buffer materials, i.e., a
moisture buffer value above 2 kg/m2.%RH. Even the sample with the lowest value still lies
within the top range of the second best tier, which corresponds to “good” moisture buffer
materials, i.e., those featuring a moisture buffer value between 1 and 2 kg/m2.%RH. These
results are in agreement with those from the bibliography [12,42]. The materials have an
excellent MBV as a result of the large proportion of hemp shiv, which is indeed known
for its very high water-retention capacity and fast water-retention kinetics. Studies on
hemp shiv have demonstrated a typical water-retention value of around 10% of its mass in
24 h when exposed to an atmosphere with 97% humidity, thus proving that hemp concrete
water retention kinetics are similar to those of hemp shiv over short durations [43].

3.2.5. Water Vapor Permeability

The initial water vapor permeability of the three cylindrical samples is represented in Figure 9a.
The average, minimum and maximum values are, respectively, 2.21 × 10−11 kg/(m.s.Pa),
1.53 × 10−11 kg/(m.s.Pa), and 3.00 × 10−11 kg/(m.s.Pa). Overall, these results are in
agreement with those of the bibliography [38,42]. However, major variations in values
depending on the characterized sample were observed, with values varying by up to
100%. This observation is due to the heterogeneity of the material microstructure, as the
property reveals the length of the shorter path that is required for water to cross the material
thickness. The large variability obtained in terms of water vapor permeability indicates
that the material microstructure varies significantly from one sample to another.



Buildings 2023, 13, 2414 15 of 30

Figure 8. Variability in sample MBV after the initial curing: (a) MBV variability; (b) MBV classification.

Figure 9. Variability of water vapor permeability and equivalent thickness of water vapor permeabil-

ity in the samples after initial curing: (a) water vapor permeability; (b) equivalent air thickness for

water vapor permeability.

Converting these values to an equivalent air thickness yields the graph shown in Figure 9b.
An equivalent air thickness value ranging from 6.50 to 12.76, with an average of 9.51, can
be seen.

3.3. Mass and Carbonation Rate Evolution

3.3.1. Evolution under Curing Conditions

The dry mass evolution of samples held under curing conditions is shown in Figure 10a.
Overall, the dry mass of samples significantly increased in comparison to the initial charac-
terization, without any difference that can be tied to the range of initial sample densities.
The increase remains constant over the months, with a mean value around 2%. More specifi-
cally, the increase was 2.19% after 1 month, 2.51% after 2 months, 1.87% after 3 months, and
1.65% after 4 months, with differences observed between the average values for different
time periods and between samples in a single period, likely due to inter-sample variability
and not to the action of various physicochemical phenomena. The observed increase is
probably tied to a resumption of the carbonation or hydration that occurred due to contact
with the air of the atmosphere in the reference conservation room. This phenomenon is
enabled by the presence of CO2 or H2O, depending on the reaction mechanism involved,
the atmosphere of the conservation room, and the presence of uncarbonated lime remaining
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in the material after the initial curing phase. Since the increase obtained under the reference
conditions after the first month already lies around the maximum, it can be concluded
that this phenomenon only occurs between the initial characterization and the first month,
which is used as a reference and ceases to occur beyond that time. One possible explanation
for this scenario is that carbonation or hydration occurs with re-humidification of the
material after its initial complete drying and stops once equilibrium with the curing room
has been restored.

Figure 10. Dry mass evolution of samples (in %) compared to the value obtained after initial character-

ization: (a) held as a reference; (b) natural outdoor retention; (c) immersion–drying; (d) freeze–thaw.

This assumption is confirmed by the evolution of the carbonation rates of samples
during the holding period, as presented in Figure 11a; the sample carbonation results are
shown in Figure 12a. The carbonation rate remains relatively constant over the study time
frame, which means that the chemical composition of the sample, as far as uncarbonated
lime content is concerned, is not affected by the duration of conservation under such
conditions. Considering the stability in dry mass observed over the conservation duration,
this conclusion may potentially be extrapolated to the global chemical composition of
samples held under such conditions.

3.3.2. Evolution under Natural Outdoor Exposure

The dry mass evolution of samples held under natural outdoor conditions is provided
in Figure 10b. On the whole, the average dry mass of samples increased considerably
within the first month of aging, specifically by +7.92% compared to the initial dry mass
after 1 month of exposure. It then slightly increased between the first and second months,
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climbing to +8.77% after 2 months. This initial increase was likely due to the phenomenon
of hydration and carbonation resumption. After the second month, the dry mass of the
samples started decreasing, reaching +7.17% after 3 months and +5.01% after 4 months.
The decreases observed during this period have different causes. The first drop was due to
a small decrease in the dry mass of all samples between the second and third months of
aging, while the second decrease, between the third and the fourth months, was linked to
the decline in a single sample whose mass returned to its initial level before aging. This
sample features the lowest density. Its initial microstructure was fragile because of its high
porosity; moreover, its internal boundaries were probably destroyed by the climate, and the
mass loss observed in this sample was due to a loss of material under the action of various
mechanical stresses caused by multiple phenomena (rain, wind, handling). In particular,
the dry mass of low-density samples, compared to their initial dry mass, rises from +6.90%
after 1 month of aging to +5.66% after 2 months, 5.34% after 3 months, and finally +0.46%
after 4 months of aging. For all samples, it would seem that the phenomena involving
sample mass gain reached their maximum during the first two months of outdoor exposure.

Figure 11. Evolution in sample carbonation rate (%) through aging: (a) reference conservation;

(b) natural outdoor conservation; (c) immersion–drying; (d) freeze–thaw.

The evolution in the carbonation rates for samples held under natural outdoor con-
ditions is presented in Figure 11b, with the sample carbonation shown in Figure 12b.
It can be observed that the carbonation is fully completed within the first month of
aging, which means that the chemical composition of the sample is very quickly af-
fected by such conditions, thus corroborating the conclusion drawn in the mass evolution
section (i.e., indicating a maximum gain occurring very shortly after the start of aging,
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followed by a decrease due to a material loss as the result of a damaged structure, which is
especially remarkable for the low-density sample (Figure 10b). The fact that the mass gain
has not reached its maximum after 1 month of aging but instead reaches this after 2, while
carbonation is complete, suggests that hydration is still occurring between the first and
second months of aging and, moreover, is responsible for the mass gain observed during
this period.

Figure 12. Evolution in sample carbonation through aging: (a) reference conservation; (b) natural

outdoor conservation; (c) immersion–drying; (d) freeze–thaw.

3.3.3. Evolution after Immersion–Drying Cycles

The dry mass evolution in samples undergoing immersion–drying cycles is shown
in Figure 10c. Overall, the dry mass increases throughout the immersion–drying cycles.
It starts increasing with the very first cycles, while a mean increase of +1.85% is observed
after 2 cycles, +2.20% after 4 cycles, and +1.54% after 8 cycles. However, for the samples
undergoing between 2 and 8 cycles, these increases are comparable to those observed for
samples held under reference conditions. It may be concluded that, during this period,
sample dry masses are most likely not heavily affected by any specific phenomenon tied to
the application of immersion–drying cycles, but are merely undergoing a typical material
evolution. It can subsequently be observed that this property continues to increase overall,
probably due to the phenomenon of binder hydration and carbonation resumption. The
mean value reaches a maximum at cycle 12 and then begins to decrease: a mean variation
of +4.86% is recorded after 12 cycles, +4.33% after 16 cycles, and +3.85% after 20 cycles. As
was the case for the dry masses of samples conserved under natural outdoor conditions,
these decreases in mean value are solely due to the decrease in the mass of certain samples,
while others remain relatively stable.

Those samples whose dry masses are responsible for the mean value decrease after
cycle 12 are the low-density samples. Again, this can be explained by the weaker structure
of these samples compared to the higher-density sample. These samples have fewer bonds
and higher porosity, with these characteristics making their structure highly sensitive to
the mechanical stress implied by the swelling and shrinkage phenomena that occur during
wetting/drying cycles. Moreover, the high initial porosity enables water to more easily
infiltrate the materials, thus resulting in higher swelling from the very beginning of the
cycles. During the first few cycles, the resumption of hydration and carbonation phenomena
is predominant and the structure is still intact; consequently, the masses of these samples
increase. However, after a few cycles, their internal structures become damaged, and a
portion of the material is lost due to the mechanical phenomena that occur during each
immersion phase, which explains the mass loss during the final few cycles. The dry mass
of the low-density samples, compared to their initial dry mass, moves from +5.31% after
12 cycles to +1.33% after 16 cycles and +1.08% after 20 cycles. The higher-density samples
do not achieve their maximum dry mass gain after 20 cycles, meaning that their structure
must be able to resist this number of cycles and potentially resist even more cycles.
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The evolution of carbonation rates for the samples undergoing immersion–drying
cycles is depicted in Figure 11c, while the sample carbonation is shown in Figure 12c. It can
be observed that the carbonation rate increases throughout the study, which implies that the
sample’s chemical composition is affected by such conditions. The increase in carbonation
rate is nonlinear and, moreover, this phenomenon is slow during the first 12 cycles, which
corresponds to the samples’ maximum mean mass increase; it considerably accelerates
with an increase in the number of cycles. This result clearly demonstrates that carbonation
occurs during aging; however, since this phenomenon continues after the maximum mass
is reached for most samples, it can be concluded that this phenomenon is not responsible
for most of the observed mass gain. The majority of mass gained before cycle 12 should
thus be tied to the phenomenon of binder hydration resumption, while carbonation has
less of an impact on this specific type of aging.

3.3.4. Evolution after Freeze–Thaw Cycles

The dry mass evolution of samples undergoing freeze–thaw cycles is shown in Figure 10d.
As with the immersion–drying cycles, two distinct phenomena can be observed here, which
serve to explain the overall shape of the mean value curve.

As observed in the application of immersion–drying cycle aging, the phenomena that
dominate the first few cycles are the resumption of both binder hydration and carbonation,
leading to a local densification of the material microstructure and resulting in a fast and
continuous increase in the dry mass of samples during the first eight cycles. This effect cor-
responds to two immersions and eight freeze/thaw sequences; the mean values observed
are +2.38% after 2 cycles, +3.24% after 4 cycles, and +5.62% after 8 cycles. At this aging
time, the global mean dry mass increases to reach a maximum. For the samples with a
medium-to-high initial density, a period of relative stabilization of the dry mass ensues,
most likely reflecting the end of binder hydration, as described above (see the carbonation
rate evolution during immersion–drying aging).

Once again, this is not the case for the low-density samples, which display a loss in the
dry mass gained, with the dry mass for these samples evolving from +4.94% after 8 cycles
to +3.41% after 12 cycles and continuing to decrease as the number of cycles increases:
−1.15% after 16 cycles, and −1.80% after 20 cycles. This loss proves to be responsible for the
decrease in the global mean dry mass. As was the case for the previous rounds of aging, this
loss can be explained by the weaker structure of this sample compared to the higher-density
one. Indeed, these samples have fewer bonds and a higher porosity, both characteristics
that make their structure highly sensitive to the mechanical stress induced by the volume
extension caused by the freezing of liquid water. Moreover, the high initial porosity enables
water to more easily infiltrate the materials, thus resulting in easier water saturation from
the very beginning of the cycles and higher stress induced by the freezing phase.

The evolution in carbonation rates for the samples undergoing freeze–thaw cycles is
provided in Figure 11d, while the samples’ carbonation is shown in Figure 12d. It should
be noted that the carbonation rate is increasing throughout the study, implying that the
sample’s chemical composition is affected by such conditions; moreover, this characteristic
is insufficient to fully understand the mass evolution curve for this aging pattern. Since
carbonation is continuous during the study, had the phenomenon been responsible for the
mass gain of samples, their mass should have increased continuously, but this was not the
case. Again, this outcome proves that the phenomenon mainly responsible for the mass
increase of samples is, in fact, binder hydration resumption. Since mass stops increasing
after cycle 8 across all samples, it can be concluded that binder hydration is complete at
this point in time.

3.4. Volume Evolution

3.4.1. Evolution under Curing Conditions

The dry volume evolution of samples held under curing conditions is presented in
Figure 13a; the mean dry volume overall only varied very little from the initial value. The
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observed variations are more likely due to the choice of different measurement points
between the first characterization and the second than to any real modification of the
volume during conservation. As such, it can be estimated that the maximum measurement
error in dry volume is approximately 5%, which corresponds to the maximum variation
recorded during conservation. This potential maximum error is high, and the typical error
lies at around 2%: 10 of the 16 values obtained are in this range, which is also a high number.
Volume variations in this order of magnitude for aging should thus be analyzed carefully
and may be attributed to similar errors rather than actual variations in the dry volume.

Figure 13. Dry volume evolution of samples (%) compared to the values obtained after initial

characterization: (a) reference conservation; (b) natural outdoor conservation; (c) immersion–drying;

(d) freeze–thaw.

3.4.2. Evolution under Natural Outdoor Exposure

The dry volume evolution of samples conserved under natural outdoor conditions
is indicated in Figure 13b. The dry volume of the samples slightly evolved during the
entire period of natural outdoor exposure: a mean value of +0.97% is observed after
1 month, +1.01% after 2 months, +1.22% after 3 months, and −1.29% after 4 months. It
appears that the dry volume tends to increase during this aging; however, this increase
is of the same order of magnitude as that observed for the reference material (±2%).
Moreover, no individual variation in a single sample’s dry volume lies above the maximum
difference noted for the samples held under reference conditions, i.e., ± 5%. It can therefore
be considered that the sample volume changed only very slightly, or not at all, during
this aging.
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3.4.3. Evolution after Immersion–Drying Cycles

The dry volume evolution of samples undergoing immersion–drying cycles is shown
in Figure 13c. Relatively few variations were observed in the dry volume of samples
throughout the immersion–drying cycles: a mean value of +2.21% after 2 cycles, +0.03% after
4 cycles, +1.38% after 8 cycles, +1.90% after 12 cycles, +2.49% after 16 cycles, and +1.75%
after 20 cycles. As was the case for natural outdoor aging, it appears that the dry volume
tends to increase over the course of aging, although this increase is of the same order of
magnitude as that observed for the reference material, i.e., ± 2%. No individual variation
in a single dry volume sample lies above the maximum difference observed for samples
held under reference conditions (±5%). It can therefore be considered that the sample
volume changed very little, or not at all, during this aging.

3.4.4. Evolution after Freeze–Thaw Cycles

The dry volume evolution of samples undergoing freeze–thaw cycles is depicted in
Figure 13d. A marked increase in the sample dry volume can be observed throughout
the freeze–thaw cycles: compared to the initial value, the mean dry volume increased by
3.00% after 2 cycles, 1.86% after 4 cycles, 5.69% after 8 cycles, 9.27% after 12 cycles, 8.53%
after 16 cycles, and by 8.91% after 20 cycles. The dry volume increase recorded during the
first four cycles can be tied to measurement error since, on the whole, it remains less than
5%, which was shown to be the maximum measurement error. For the subsequent cycles,
however, the increase undeniably corresponds to a physical variation in this property and
not to measurement errors. This dry volume increase is due to the water expansion that
occurs during the freezing phases of the cycles. During these phases, water transitions from
a liquid state to a solid state, accompanied by an expansion in the global water volume that
helps to destroy the boundaries constituting the internal sample structure. Thus, the initial
material shape is modified by the destruction of the internal boundaries that previously
ensured its stability; its volume irreversibly increases over the cycles as water widens the
material pores during freezing.

The greater the number of cycles, the fewer the bonds remaining to ensure the internal
cohesion of the material. Theoretically, as the number of cycles increases, the more impactful
they become by causing the destruction of a larger proportion of the remaining bonds; the
material’s cohesion will be significantly affected, and its volume will increase more and
more sharply.

Once again, the samples most sensitive to this phenomenon are those that initially
contained the fewest bonds and were the most porous, corresponding to those with the
lowest initial density. These are the ones whose volume increased most significantly. The
dry volume of low-density samples exposed to freeze–thaw cycles, compared to their initial
dry volume, climbed from +3.01% after 8 cycles to +12.70% after 12 cycles, +16.38% after
16 cycles and +19.52% after 20 cycles. Although slower, the increases in the volume of
medium-density and high-density sample are clearly observable, and the value of these
increases is greater than the maximum estimated measurement error after just eight cycles:
8 of 10 samples tested in that initial density ranged showed a dry volume increase of above
5% for eight or more freeze–thaw cycles.

3.5. Density Evolution

3.5.1. Evolution under Curing Conditions

The change in the dry density of samples held under drying conditions is shown in Figure 14a.
For this property, which depends entirely on the two preceding ones, as that it results from the di-
vision of one by the other, a very random variation can be observed: an evolution vs. the initial
density of +1.23% after 1 month, +3.59% after 2 months, −0.36% after 3 months, and −0.26%
after 4 months.

This random variation is mainly related to volume measurement errors, which can
lead to relatively large variations in the obtained values without any real variation in
volume. Consequently, this property will only be discussed for aging types that entail
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significant sample dry volume variations, thus ensuring that the density truly evolved. The
only aging type that meets this requirement is the application of freeze–thaw cycles.

Figure 14. Dry density evolution of samples (%) compared to the value obtained after initial charac-

terization: (a) reference conservation; (b) freeze–thaw cycles.

3.5.2. Evolution after Freeze–Thaw Cycles

The dry density evolution of samples undergoing freeze–thaw cycles is provided in Figure 14b.
The two distinct phases observed here can explain the overall shape of the curve. Before
the global increase in volume, as described above in the section dedicated to this property
(occurring after the eighth freeze–thaw cycle), the sample density remains relatively stable.
More specifically, the mean dry density, compared to the initial dry density, evolves as
follows: −0.60% after 2 cycles, +1.41% after 4 cycles, and −0.29% after 8 cycles. This
stability can be explained by the resumption of hydration, which leads to a rapid increase in
the dry mass and a similar evolution in volume, either as a reflection of a physical evolution
or a translation of the measurement uncertainty regarding this property.

The predominant factor in the density evolution is the significant increase in volume
observed across all samples, especially the low-density ones, due to the freezing of water
and the ensuing destruction of structural boundaries. This phenomenon, coupled with
a halt in the evolution of dry mass linked to total binder hydration, leads to a decrease
in the density of all samples. In particular, in low-density samples, the dry density keeps
decreasing through the cycles, while the other sample types maintain a relatively stable dry
density after cycle 12 due to a halt in their increase in volume tied to the strength of their
internal structural bonding. Moreover, the average dry density of samples, compared with
the initial dry density, evolves as follows: −7.03% after 12 cycles, −4.32% after 16 cycles,
and −4.08% after 20 cycles. Also, the dry density of low-density samples, compared to
their initial dry density, extends from −8.24% after 12 cycles to −15.06% after 16 cycles,
and ultimately to −17.84% after 20 cycles.

3.6. Thermal Conductivity Evolution

3.6.1. Evolution under Curing Conditions

The dry thermal conductivity evolution of samples held under curing conditions is
presented in Figure 15a. It can be observed that the samples maintained under reference con-
ditions after initial characterization display a random dry thermal conductivity evolution
throughout conservation, with this evolution being characterized by a low mean variation.
More specifically, the average values obtained are −0.85% after 1 month, +2.64% after
2 months, +1.02% after 3 months, and +1.22% after 4 months. The maximum variation ob-
served for a single sample is +6.89%, while the typical thermal conductivity variation range
equals ±5% over the entire conservation: 13 of 16 samples in this evolution range. The
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number of samples whose dry thermal conductivity increased during conservation equals
the number of samples whose dry thermal conductivity decreased, i.e., eight in each case.
Lastly, for this conservation sequence, no correlation can be drawn between the dry thermal
conductivity evolution and the initial density of the characterized samples. The described
evolution typically corresponds to a measurement error, most likely due to the choice of
different measurement points between the first and second characterizations and not due
to any real physical variation in the property. Under these conditions, and over these given
periods, it can be concluded that the material maintains its thermal insulation capacities,
which is critical since the material was specifically designed as a thermal insulator.

Figure 15. Dry thermal conductivity evolution of samples (%) compared to the value obtained after

initial characterization: (a) reference conservation; (b) natural outdoor conservation; (c) immersion–

drying; (d) freeze–thaw.

3.6.2. Evolution under Natural Outdoor Exposure

The dry thermal conductivity evolution of samples held under natural outdoor con-
ditions is exhibited in Figure 15b. Overall, this property considerably increased during
the first month of exposure to natural outdoor conditions, with a mean evolution of
+10.89%, compared to the initial value during this month. The mean values obtained for
the subsequent months of exposure remain relatively stable compared to that of the first
month, i.e., +10.89% for 1 month, +10.70% for 2 months, +10.50% for 3 months, and +8.99%
for 4 months. The dry thermal conductivity evolution is directly linked to the dry mass
evolution: as the dry mass increases (see the section dedicated to observations), the dry
conductivity increases. This behavior is logical since the mass gain is mainly due to the



Buildings 2023, 13, 2414 24 of 30

hydration of the remaining unhydrated lime. Moreover, conduction in hemp concrete
occurs within the bonds containing this lime. When the lime is hydrated, it becomes denser
and heat can be conducted through the more easily formed bonds, which are responsible,
at the sample scale, for increases in both dry mass and dry thermal conductivity.

3.6.3. Evolution after Immersion–Drying Cycles

The dry thermal conductivity evolution of samples undergoing immersion–drying
cycles is shown in Figure 15c. On the whole, the thermal conductivity of samples increases
with the number of cycles. It increases more quickly over the first few cycles and then stops
increasing for a while. The mean values recorded are +6.31% after 2 cycles, +7.43% after
4 cycles, and +7.63% after 8 cycles. This property is then seen to substantially increase
compared to the initial values obtained, yet a slow decrease begins beyond this point, with
mean values of +21.22% after 12 cycles, +19.48% after 16 cycles, and +15.25% after 20 cycles.
The dry thermal conductivity evolution is directly linked to the dry mass evolution: as the
dry mass increases, dry conductivity increases and vice versa (Figure 10c). This behavior is
similar to that observed for natural outdoor conservation and features the same causes.

As is the case for dry mass, the decrease in the mean value of thermal conductivity
evolution over the last few cycles is mainly due to a decrease in the thermal conductivity of
certain samples, while others display a thermal conductivity that remains nearly as high
as it was after 12 cycles. The type of sample, whose thermal conductivity decreases after
12 immersion–drying cycles, is the same as those whose mass decreased after the same
number of cycles, namely low-density samples. The thermal conductivity, compared to
the initial value of this type of sample, drops from +21.22% after 12 cycles to +19.48% after
16 cycles and +15.25% after 20 cycles. This finding is logical given that a mass loss without
variation in volume leads to a loss of density; moreover, the thermal conductivity of a
material increases proportionally with its density.

3.6.4. Evolution after Freeze–Thaw Cycles

The dry thermal conductivity evolution of samples undergoing freeze–thaw cycles
is presented in Figure 15d. Over the short-term, i.e., during the first four cycles, the
phenomenon of hydration resumption predominates in the evolution of sample thermal
conductivity. Binder hydration leads to a densification of material microstructure, causing
an increase in sample thermal conductivity for the same reasons as explained in the natural
outdoor and immersion–drying cycle aging types. Thermal conductivity evolution rises
from a mean value of +3.30% after 2 cycles to +18.43% after 4 cycles.

In the long term, as hydration tends to become complete, the destruction of internal
structural bonds caused by the freezing of water predominates in the evolution of mean
thermal conductivity. Firstly, for the low-density samples, a significant decrease in thermal
conductivity evolution is observed, with a value declining from +12.90% after 4 cycles
to +6.59% after 8 cycles, −2.98% after 12 cycles, −5.16% after 16 cycles, and ultimately to
−5.64% after 20 cycles, accounting for a total decrease of 18.54% of the initial value between
cycles 4 and 20. Again, this drop is due to these samples’ sensitivity to the destruction of
internal bonds induced by freeze–thaw repetition, thus causing higher porosity with fewer
bonds and enabling thermal energy conduction in the material.

Secondly, the thermal conductivity of the other types of samples remains relatively
steady between cycles 8 and 20, i.e., between +10% and +15%, compared to the initial dry
thermal conductivity, which confirms that the microstructure of these samples is relatively
stable through this aging sequence, since the gain in thermal conductivity induced by
binder hydration is indeed preserved.

3.7. Water Vapor Permeability Evolution

3.7.1. Evolution under Curing Conditions

The water vapor permeability evolution of samples held under curing conditions is
provided in Figure 16a. The mean value remains relatively constant over the first 2 months
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of curing. Indeed, the mean water vapor permeability obtained after the initial curing
time was 2.67 × 10−11, while that recorded after 2 months of reference conservation was
2.23 × 10−11. However, the mean water vapor permeability increases significantly between
the second and third months of conservation under such conditions, extending from
2.23 × 10−11 after 2 months to 3.972 × 10−11 after 3 months.

Figure 16. Water vapor permeability evolution of samples (%) compared to the value obtained after

initial characterization: (a) reference conservation; (b) natural outdoor conservation; (c) immersion–

drying; (d) freeze–thaw.

These results must be considered carefully, as the variation in water vapor permeability
obtained between two samples held during the same period of time under the same
conditions can be sizable. For example, during the initial campaign, performed after
1 month of curing, the water vapor permeability of a single sample was 1.81 × 10−11, while
the same property value for another sample was 3.68 × 10−11, more than twice the value
obtained for the first sample. The observed variation is likely due to differences in the
microstructure of the samples used for characterization, as the material shows a highly
porous and heterogeneous internal structure, which allows for different water throughflow
paths. This difference is potentially significant between samples, which, in turn, can directly
impact the obtained water vapor permeability.

3.7.2. Evolution under Natural Outdoor Exposure

The water vapor permeability evolution of samples held under natural outdoor con-
ditions is provided in Figure 16b. It can be observed that the water vapor permeability
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after 2 months of conservation under such conditions remains relatively stable compared
to the initial campaign: the mean value obtained after initial curing time was 2.67 × 10−11,
and that obtained after 2 months of natural outdoor aging was 2.44 × 10−11. Between
2 and 4 months of conservation under natural outdoor conditions, the mean measured
value increased from 2.44 × 10−11 after 2 months to 3.35 × 10−11 after 4 months. This in-
crease is noteworthy, although less than that observed between 2 and 4 months of reference
conservation under curing conditions, for which the mean water vapor permeability of
samples rose from 2.23 × 10−11 after 2 months to 3.972 × 10−11 after 4 months.

3.7.3. Evolution after Immersion–Drying Cycles

The water vapor permeability evolution of samples undergoing immersion–drying
cycles is presented in Figure 16c. Two distinct parts of the curve can be clearly seen.

During the first part, composed of samples that underwent between 2 and 6 immersion–
drying cycles, the mean water vapor permeability is relatively stable. The mean value after
2 cycles equals 2.72 × 10−11, vs. 2.71 × 10−11 after 4 cycles and 2.29 × 10−11 after 6 cycles.
This range of values corresponds to that obtained during the initial characterization cam-
paign, which yielded a mean value of 2.67 × 10−11. The closeness of these values signifies
that the aging applied at this number of cycles does not considerably affect the property.

During the second part, composed of samples that underwent at least 12 immersion–
drying cycles, the water vapor permeability spikes before stabilizing. The mean obtained
value climbs from 2.29 × 10−11 after 6 cycles to 3.75 × 10−11 after 12 cycles; it equals
4.15 × 10−11 after 16 cycles and 3.57 × 10−11 after 20 cycles. This value range corresponds
to that obtained after the initial months for samples held under reference curing conditions,
i.e., a mean value 3.972 × 10−11 after 4 months of conservation. These close values signify
that the aging applied at this number of cycles does not have a greater effect on this property
than conservation under standard controlled conditions.

Overall, aging makes the material more susceptible to water vapor; this increase
reflects a more porous internal structure, which exists following the destruction of the
bonds during swelling and withdrawal actions linked to the immersion–drying cycles.

3.7.4. Evolution after Freeze–Thaw Cycles

The water vapor permeability evolution of samples undergoing freeze–thaw cy-
cles is shown in Figure 16d. Once again, two parts of the mean value curve can be
clearly distinguished.

The mean value obtained after 2 cycles is 2.98 × 10−11 and that after 4 cycles is
2.64 × 10−11. This value range replicates that found during the initial characterization
campaign, with a mean value of 2.67 × 10−11. The closeness of these values signifies that
the aging applied at this number of cycles does not considerably affect the property.

During the second part, composed of samples that underwent at least eight im-
mersion/drying cycles, water vapor permeability increases abruptly and then becomes
relatively stable. The mean value derived moves from 2.64 × 10−11 after 4 cycles to
4.27 × 10−11 after 12 cycles, 4.33 × 10−11 after 16 cycles and 4.68 × 10−11 after 20 cycles.
This value range corresponds to that found after the initial months for samples held under
reference curing conditions, with a mean value of 3.972 × 10−11 after 4 months of conserva-
tion under curing conditions. This range also corresponds to the second part of the mean
value curve of immersion–drying cycle aging, around 4 × 10−11. The closeness of these
values signifies that the aging applied at this number of cycles has no greater effect on this
property than conservation under standard controlled conditions.

3.8. MBV Evolution

3.8.1. Evolution under Curing Conditions

It can be observed that, for conservation under reference conditions, this property
evolves very little. The mean MBV (Figure 17a) of the samples studied herein lies just below
2 kg/m2.%RH, i.e., 1.98 kg/m2.%RH after 2 months and 1.87 kg/m2.%RH after 4 months.
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Within this value range, the mean MBV of the hemp concrete samples no longer lies in the
“excellent” category of materials for MBV, which includes all materials over 2 kg/m2.%RH
yet is positioned within the top range of the second-best category, which corresponds to
“good” moisture buffer materials. This is composed of materials featuring a moisture buffer
value between 1 kg/m2.%RH and 2 kg/m2.%RH. This small variation can be explained by
the original inter-sample variability observed during the initial characterization campaign,
which demonstrated pieces of samples showing an MBV value under 2 kg/m2.%RH. The
choice of such samples for the subsequent characterization campaign may explain the
results. Moreover, this campaign was conducted on a single sample cut into pieces, thereby
exacerbating the impact of inter-sample variability. It still appears that the MBV properties
are relatively well preserved after 4 months of conservation under such conditions, since
the obtained values lie within the initial campaign’s measurement error range.

Figure 17. MBV evolution of samples (%) compared to the value obtained after initial characterization:

(a) reference conservation; (b) natural outdoor conservation; (c) immersion–drying; (d) freeze–thaw.

3.8.2. Evolution under Natural Outdoor Exposure

The mean MBV after natural outdoor exposure seems to increase relative to the initial
campaign value. It can be noted that the mean MBV (Figure 17b) of the samples studied
herein lies above 2 kg/m2.%RH, i.e., 2.27 kg/m2.%RH after 2 months and 2.19 kg/m2.%RH
after 4 months. With this value range, the mean MBV of the hemp concrete samples is
positioned in the “excellent” category of materials for MBV, which includes all materials
over 2 kg/m2.%RH. As the mean MBV increased, it may be concluded that the applied
ageing has an impact on this property, as reflected by the increase; however, such a
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conclusion must be considered carefully. As with the reference conservation, the values lie
within the initial campaign measurement error range, albeit at the very top of the range.

3.8.3. Evolution after Immersion–Drying Cycles

As was the case for the conservation under reference conditions, it should be noted
that, for the samples that underwent immersion–drying cycles, the mean MBV (Figure 17c)
evolves very little. It can be observed that the mean MBV of the studied samples equals
around 2 kg/m2.%RH, i.e., 2.03 kg/m2.%RH after 2 cycles, 2.32 kg/m2.%RH after 6 cycles,
2.09 kg/m2.%RH after 12 cycles, 2.13 kg/m2.%RH after 16 cycles and 1.99 kg/m2.%RH
after 20 cycles. With this value range, the mean MBV of these hemp concrete samples
lies within the “excellent” category of materials for MBV, which includes all materials
over 2 kg/m2.%RH. These values are entirely similar to those obtained during the initial
campaign; it is thus logical to conclude aging has no impact on this property.

3.8.4. Evolution after Freeze–Thaw Cycles

For this aging type, as in natural outdoor conservation, the mean MBV seems to
increase compared to the initial campaign value (Figure 17d). It is apparent that the mean
MBV of the studied samples lies above 2 kg/m2.%RH, i.e., 2.25 kg/m2.%RH after 2 cycles,
2.38 kg/m2.%RH after 8 cycles, 2.29 kg/m2.%RH after 16 cycles and 2.34 kg/m2.%RH
after 20 cycles. With this value range, the mean MBV of these hemp concrete samples
lies in the “excellent” category of materials for MBV, which includes all materials over
2 kg/m2.%RH. As with natural outdoor conservation, since the observed mean MBV is
increasing, it may be concluded that this type of aging has an impact on this particular
property, reflected by an increase; however, this conclusion must be taken with caution.
As in natural outdoor exposure, the values obtained, for the most part, remain within the
initial campaign measurement error range.

4. Conclusions

This paper highlighted a physical and hygrothermal characterization of hemp concrete.
It was divided into three parts, with the main findings of each part being listed below:

- In the first part, the spatial variability in thermal conductivity over a hemp beam was
assessed. It was found that variability can be observed in the hemp beam’s length and
height. One component of variability evolves randomly in space, while the other is
likely to be directly tied to the manufacturing method. Indeed, this latter variability
type is based on a layer-by-layer characterization; for the lower layer, a standard
deviation differential of at least 0.005 W/m.K was found with the other layers.

- In the second part, a univariate variability characterization campaign was performed.
A linear relationship between density and thermal conductivity was obtained, as
corroborated by the literature. Moreover, the inaccuracy of the Hot Disk method for
thermal capacity characterization was highlighted, and a wide range of water vapor
diffusion values could be observed, directly owing to the material microstructure.

- The last and most important part of this paper was devoted to characterizing the
samples during aging campaigns. Reference samples were held in a climate chamber,
and three aging protocols were proposed: natural outdoor aging, immersion–drying,
and freeze–thaw. The natural outdoor aging lasted 4 months, while cycle-based aging
lasted 20 cycles. One key finding is that the reference sample properties were found to
be rather constant during the entire conservation period. In contrast, major differences
were uncovered depending on the properties and aging type that were considered.
Hence, an increasing mass evolution was observed across all aging protocols; this was
mainly due to the resumption of binder hydration. Only freeze–thaw loading actually
changed the volume and density properties of the studied samples. As for thermal
conductivity, a similar curve shape as that of mass (vs. time) could be observed
for both aging protocols, which is quite logical given the theoretical link existing
between these properties for this type of material. Lastly, the tested hygric properties
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revealed different behaviors. For all aging protocols, the water vapor permeability
value increased, whereas a mostly constant MBV was found. Consequently, aged
hemp concretes are able to remain in the top range of “good” or even “excellent”
hygric regulators according to the NORDTEST protocol.
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