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Abstract

This paper deals with the experimental assessment of the influence of water content on thermal conductivity, thermal
effusivity, heat capacity and vapor permeability of pith and hemp shiv composites. The results, which will be used to enrich
modelling databases, show that all four properties increase their value with relative humidity, especially for pith composites,
while remaining within adequate margins. They are compared to the results commonly measured for other porous
construction materials, namely hemp concrete, wood, and rammed earth. This comparison allows to better understand the
influence of the material morphology and nature on hygrothermal properties in presence of moisture. It has been noted that,
in hygroscopic conditions, the specific heat cannot always be deduced from the specific heat of water and of the dry material
due to the interactions between the adsorbed water and the material. On the other hand, the transport of liquid water has
been observed to play a significant role in the hygroscopic transfers.
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1. Introduction

Bio-based composites are very promising to reduce the carbon footprint of buildings as they can be
locally sourced from agricultural by-products (Amziane et al., 2017; Amziane & Sonebi, 2016). They
also have strong hygrothermal properties (A. Fabbri & McGregor, 2017; Palumbo et al., 2016) while
being highly hygroscopic, which means that water vapor can go through them and that they can store
it.

Hygrothermal properties are at the heart of numerous studies that seek to develop eco-friendly
construction materials (Cagnon et al., 2014; Liuzzi et al., 2018; Vololonirina et al., 2014), since such
properties still remain a challenge when considering them in the calculation of building energy
efficiency. Highly hygroscopic materials have the potential to reduce the energy consumption used for
heating and cooling of the building (Allinson & Hall, 2010), which represent approximately 40% of the
energy consumption in buildings according to (International Energy Agency & UN Environment
Programme, 2019). Buildings’ operation, for its part, is to blame for 35% of the global energy
consumption according to (International Energy Agency & UN Environment Programme, 2020).

In this paper, four hygrothermal parameters will be addressed: the thermal conductivity, the thermal
effusivity, the heat capacity and the water vapor permeability. Thermal conductivity (1) is one key
hygrothermal property which indicates whether a material is a good heat conductor or not. Insulating
materials have repeatedly proven to significantly reduce thermal loss and, therefore, energy
consumption (Al-Homoud, 2005; Cholewa et al., 2020; Grillone et al., 2020; Lu & Warsinger, 2020;
Sadineni et al., 2011). Thermal effusivity (e), on its side, denotes a material’s ability to exchange
thermal energy with its surroundings. According to (Shrotriya et al., 1991), it describes the transient
heat accumulation capacity of materials due to a change in the temperature of the ambient, which
leads to a change of the material’s surface temperature. Hence, a material with low thermal effusivity
will heat fast in its surface with a low heat intake and will give a sensation of warmth to touch. Heat
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capacity (Cp,) represents the material’s capacity to store heat, which is strongly related to thermal mass
or thermal inertia, typically offered by dense materials since the specific heat of a material depends
on its density (Howlader et al., 2012). Materials with high heat capacity contribute to the temperature
stability of the building. Lastly, water vapor permeability (6,), which stands for the ability to let water
vapor pass through, has a great influence on heat loss because of coupled heat and moisture transfers.

Since all material properties in eco-friendly and hygroscopic building materials, such as thermal
conductivity, thermal effusivity, heat capacity and water vapor permeability, have been reported to be
influenced by the water content which varies with indoor humidity levels (Houngan et al., 2015; Rahim
et al., 2016; Seng et al., 2017), it is important to ensure that these properties remain in an acceptable
range for all plausible humidity conditions.

The value of all the aforementioned properties globally increases with water content, but the way it
does can capitally change from one material to another.

(Koci et al., 2017) considered three types of load-bearing materials (autoclaved aerated concrete, high
performance concrete and solid clay brick) and found that thermal conductivity increases with the
water content in different ways depending on the pore structure and the solid matrix properties. For
high performance concrete, the correlation described an exponential, whereas it was linear for
autoclaved aerated concrete and parabolic for clay brick. Solid clay brick tripled its dry thermal
conductivity at 25% volumetric water content, while for autoclaved concrete it was multiplied by 8
while staying low. They also studied the evolution of specific heat with equally disparate results. Much
like Koci, (Meukam et al., 2004) studied several building materials made up of lateritic soil and cement
and found anirregular increase of thermal conductivity with water content, different for each material.

(Real et al., 2016) studied the thermal conductivity of different composites made of expanded clay, fly
ash and expanded slate with a common binder, CEM I. They found that, for a common water/binder
ratio, the evolution of their thermal conductivity normalized to the dry thermal conductivity with water
content followed a common linear relation for all composites. (Toman & Cerny, 2001) represented the
variation of specific heat with water content for Temelin and Penly, two high performance concretes,
and found a linear relation with similar slopes for both materials. In the same direction, (Tran Le, 2010)
noted that thermal conductivity and water content are related by a linear tendency for several kinds
of concrete, including hemp concrete. This last had the lowest slope and appeared to have low thermal
effusivity.

Bio-based composites have also been subject to several studies relating material properties and water
content. (Boukhattem et al., 2017) noted an exponential tendency between the thermal conductivity
of date palm fiber composites and their water content, as did (Taoukil et al., 2013) for wood
composites and (Belkharchouche & Chaker, 2016) for olive pomace composites. As for the thermal
effusivity of bio-based materials, (Houngan et al., 2015) studied the dependence between the water
content and the tangential thermal effusivity for two types of wood and found an almost linear
increase with very similar slopes for both kinds of wood. (Bouguerra, Diop, et al., 1998) reached the
same result for wood cement-based composites, observing an almost constant positive slope between
both magnitudes.

Hemp composites are perhaps the most documented bio-based composites and there is no exception
when it comes to the influence of water content on hygrothermal properties. (Collet & Pretot, 2014)
found that the thermal conductivity of different hemp composites increases linearly with water
content. (Gourlay et al., 2017) and (Bennai et al., 2018) found very similar tendencies for thermal
conductivity, but heat capacity was more controversial. While (Bennai et al., 2018) reported a



significant increase of the heat capacity with water content for hemp shiv concrete, (Gourlay et al.,
2017) found an almost linear increase between specific heat capacity and water content for defibrated
hemp straw formulations but an almost constant specific heat capacity for formulations with fibred
hemp shiv. (De Bruijn & Johansson, 2013) observed a milder increase for both the thermal conductivity
and heat capacity of a lime-hemp concrete. The study of the C, of hemp composites has been
addressed as well by (Walker & Pavia, 2014), who found that the type of binder does not have a clear
impact on the heat capacity, but that there exists a trend that suggests that the binder hydraulicity
yields higher C,, values and lower thermal conductivities. On the other hand, (Gourlay et al., 2017)
noted that the nature of the hemp shiv does have a significant impact on the specific heat capacity.

Water vapor permeability has been noted to change when measured at different relative humidity
pairs (%RH in and outside the cup) by several authors. (Latif et al., 2014) compared the vapor diffusion
resistance factor obtained at 0/50%RH and at 50/93%RH for a hemp-lime wall, a plasterboard and two
wood wool boards and, in every case, the results for different humidity conditions deferred
substantially, 0/50%RH results being greater than the results for 50/93%RH. This means that water
vapor goes through the material more easily when relative humidity is high. (Colinart et al.,,
2013) found rather disparate values for a hemp concrete wall when the test was carried at 0/50%RH
and at 50/85%RH, as did (Bennai et al., 2018) for 3/50%RH and 93/50%RH. In all cases, moisture
transfer seems to involve both vapor and liquid transport, and lower humidity conditions yield lower
permeability values. (Ouméziane et al., 2012) performed tests on a hemp concrete wall at different
humidity pairs and found that water vapor permeability increases with water content, describing a
power law.

Regarding pith composites, there is very little available information. (Brouard et al., 2017) and (Brouard
et al., 2018) focused on the study of clay-sunflower and rape straw composites. They found the thermal
conductivity to increase with water content describing a non-linear tendency similar to the one found
by (J. P. Laurent & Guerre-Chaley, 1995) at 20-30°C.

Maize and sunflower pith composites are materials with very promising thermal and hygroscopic
properties (Abbas et al., 2020, 2019), as well as acoustic characteristics (Abbas, Fabbri, et al., 2021;
Abbas, Gourdon, et al., 2021), made out of a very light agricultural by-product that has a particularly
low thermal conductivity (Pennec et al., 2013) at low water content. In France, pith constitutes a more
accessible alternative to hemp shiv, since maize and sunflower culture is more widespread than
hemp’s, with 1.57 Mha and 690 000 ha cultivated each year in the country, respectively, against only
15 000 ha for hemp (Arvalis, 2020; Guyomard, 2020; InterChanvre, 2018). Unfortunately, a lack of
information about these materials has been noted, especially regarding the evolution of their behavior
with humidity, information that is necessary namely for reliable hygrothermal simulations, which are
powerful tools for assessing the benefits of the use of bio-based materials on the energy consumption
and on the hygric comfort in buildings.

This paper focuses on the study of sunflower pith-lime composites, maize pith-lime composites, and
hemp shiv-lime composites, as well as the analysis of the impact of water content on the
aforementioned hygrothermal properties, comparing them to other building materials studied in
literature. Thermal conductivity and thermal effusivity will be measured using a hot wire and a hot
plan device, respectively, while water vapor permeability will be assessed through wet cup and dry cup
measurements. The different water contents will be obtained by placing samples in atmospheres in
which the relative humidity is controlled with saline solutions, with salt or with silica gel.

2. Materials and methods
2.1. Materials



2.1.1. Plant aggregates

Three types of vegetal aggregates were used in this study, which are shown in Figure 1. The first one
is denoted as S and is a sunflower pith with a 14 kg/m3 bulk loose density and an average diameter of
about 2 mm. The second, denominated M, is a maize pith with a bulk loose density of 18 kg/m3 and an
average diameter of about 4 mm. The third type of aggregate is hemp shiv, denoted as H, whose loose
density is about 100 kg/m3and whose average length and width are about 8 and 4 mm, respectively.
The dimensions of the different aggregates were measured by image analysis and through sieve
analysis. The image analysis allows to deduce the length and width of a group of aggregates spread on
a surface by taking a picture and by measuring them with a dedicated software. The sieve analysis is
more adapted to spherical aggregates, and it is used to measure the diameter by sieving the aggregates
with different sieve opening sizes and by measuring the number of particles that are retained in each
sieve.
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Figure 1 Sunflower pith (left), maize pith (middle) and hemp shiv (right).

2.1.2. Binders

Three binders have been used throughout this experimental campaign. The first is called HB and it is a
cement and lime mixture with further additives, whose exact composition is not available for it was
developed by an industrial partner. The second is called C1 and is a calcic-lime-based binder, while the

third binder is called C2 and is made up of hydraulic lime, calcareous charges, hydrophobic and
rheological admixtures.

2.1.3. Formulations and manufacturing

The different composites manufactured from the three aggregates and the three binders are detailed
in Table 1, along with their exact formulation and the dry density of each formulation. Some of them
are shown in Figure 2.

Table 1 Summary of the formulation, mass ratio and dry density of the composites.

Type of binder HB Cc1 Cc2
Type of s M H H* s H+S
aggregate
Designation HB-S HB-M C1-H C2-H* C2-S C2-H+S
Hemp shiv/
binder* [ 0 0 0.33 0.33 0 0.17
; ; *%
'[’_']"h/ binder 0.20 0.16 0 0 0.10 0.06




Water/binder**
[-]
Mass
proportion of 0 0 0.15 0.15 0 0.07
hemp shiv [-]
Mass
proportion of 0.05 0.04 0 0 0.05 0.03
pith [-]
Dry density
[kg/m?]
* corresponds to a formulation which has been densified using a tamper tool
** correspond to mass ratio between constituents

2.92 2.92 0.81 0.88 0.80 1.07

150+ 4 1605 470+5 600 + 10 5505 5906

All samples were sprayed in 16 cm diameter and 32 cm high cylindrical formworks and compacted at
0.05 MPa according to (Association construire en chanvre & Fédération Francaise du Batiment, 2009).
They were all manufactured at 50%RH and 23°C in a single layer, except for C2-H*, which was
manufactured in 6 layers of 5 cm each and compacted layer by layer. The asterisk in C2-H* means that
it has been densified using a tamper tool. The samples used in the thermal tests (conductivity, effusivity
and specific heat) were core drilled and sawed into 10 cm diameter, 4 cm high cylinders. For the
permeability test, the resulting samples were 10 cm diameter cylinders with three different
thicknesses: 2, 4 and 6 cm.

Figure 2 HB-S (left), C1-H (middle) and C2-H+S samples.

Samples were tested 6 months after manufacturing, period during which they were stored in a room
at 23°C (x5°C) and 50%RH (£5%RH). Right before testing, samples were oven-dried at 50°C and at
relative humidity levels lower than 5%RH until stabilization to start all tests at the dry state, and their
mass was measured. We consider that the sample has stabilized if the mass variation between two
measures performed with a 24-hour difference is under 0.01%, which can take several days.

2.2. Methods
2.2.1. Variation of the thermal conductivity and thermal effusivity with water content

The thermal conductivity, denoted A and expressed in [mW/(m.K)], of HB-S, C2-H*, C2-H+S, C2-S and
C1-H at different water content values was measured using the well-known hot wire method. The FP2C
device was used following ISO 8894-2 standard (International Organization for Standardization, 2007).
The thermal effusivity (e) of the same materials is measured using the hot plan method, which is
performed using the same FP2C apparatus with a hot plan probe. It is expressed in [J/(m2.K.s*?)]. A
constant heat flux is imposed by positioning the thin flat heating plate between two superposed
cylindrical samples.



In order to reach different water content levels, conditioned samples were placed inside ventilated
boxes, one box for each relative humidity target value. Each value is reached by using a different saline
solution. Two samples of each formulation are placed in each box until they stabilize, which can take
several weeks. The elevated duration of the test is the reason why different humidity conditionings
are conducted in parallel and therefore, an important number of samples is needed.

Once the water content of the samples placed inside each box has stabilized (meaning that the mass
variation in 24 hours is under 0.1%), the FP2C is introduced inside the box and both thermal
conductivity and thermal effusivity are measured three times for each two samples by placing the
probe between them. The ambient temperature is 23 +1°C. The mass water content (u) is calculated
as the difference between the stabilized wet mass (m,,.) and the dry mass (mg;-,) of each sample,
divided by the dry mass, as shown in Equation 1.

— Myet—Mdry (1)
Mdry

The given thermal conductivity and effusivity results are the arithmetic average of the three weighings.
2.2.2. Specific heat capacity

The specific heat capacity (C,) is determined from the measurements of the thermal conductivity and
thermal effusivity previously detailed, since the three properties are linked through the definition of
the thermal effusivity:

e =,/ApC, (2)

Where e is the thermal effusivity expressed in [J/(m2.K.s*?)], A is the thermal conductivity expressed
in [W/(m.K)], p is the density of the material in kg/m?* and C, is the specific heat capacity in [J/(kg.K)].
The product pC), represents the volumetric heat capacity in [J/(m3.K)].

2.2.3. Water vapor permeability

The dry cup and wet cup methods were used to determine the vapor permeability of C2-H*, C2-H+S,
C2-S, HB-S and HB-M samples. The permeability of C1-H could not be determined because the material
belongs to a previous experimental campaign and not enough samples were left. Both tests were
conducted following the standard EN ISO-12572 (International Organization for Standardization, 2016).
Samples were placed in cups, sealed to the cup with silicone and scotched with aluminum foil following
(McGregor et al., 2014)’s indications.

Table 2 Summary of the tested humidity pairs for each formulation.

HB-S HB-M C2-H* C2-H+S C2-S
3/23%RH 3/23%RH 3/54%RH 3/54%RH 3/54%RH
Dry cup 23/63%RH 63/85%RH 23/71%RH 23/71%RH 23/71%RH
33/68%RH 75/85%RH - - -
93/23%RH 63/33%RH 85/54%RH 85/54%RH 85/54%RH
Wet cup 75/63%RH 75/63%RH 85/71%RH 85/71%RH 85/71%RH
85/63%RH - - - -

Several relative humidity pairs, identified in Table 2, were tested for each sample using saline solutions,
salt only or silica gel, in the case of 3%RH. The first relative humidity value in each cell can be calculated

from P,“? (RH = B

), which is pictured in Figure 4, and the second one can be deduced from

v,sat



PE*teTior through the same formula. For the dry cups, water-free salt was added to the inside of the
cup to maintain a minimum thickness of the air layer, which measures 3 cm at the beginning of the
test (see Figures 3 and 4). Three samples of thickness 2, 4 and 6 cm of each formulation were tested
for each relative humidity pair, in order to apply the so-called B-correction, which stands for the global
film resistance correction, and which can be calculated following (3) and (4):

Pcup _Psurface 1

=6 v v
a da

(3)

nula vl

— ﬁ(Psurface 2 _ Pvexterior) (4)
v

Where G is the total humidity flow in [kg/s], S is the sample’s surface in [m?], &, is the water vapor

permeability of air in [kg/(m-s-Pa)], da is the thickness of the air layer in [m], § is the coefficient of

surface water vapor transfer in [kg/(m2-s-Pa)] (McGregor et al., 2017) and PSP, pSwi/ace psurface2

and PEXteTioT gre the vapor pressures represented in Figure 4.

The tests were carried out in a single ventilated glove box with a temperature of 23 + 0.5°C. The
ventilation of the box ensured that the air velocity over each sample was at least 2.2 m/s. Each sample-
cup assembly was weighed every 24 hours to monitor the mass transfer. The mass of the wet cup
assemblies decreased whereas the mass of the dry cup assemblies increased. After an initial
stabilization period, a constant mass flow rate is achieved, which means that a linear function
correlates the mass variation with time. The humidity and temperature inside the cups and inside the
glove box were continuously monitored during the test to ensure that they remained constant. When
the test is complete, the samples are weighed without the cup, silicone and aluminum tape to
determine their water content, and then dried at 50°C and relative humidity values lower than 5%RH
in an oven until the mass is stabilized, after which their dry mass is measured.

Figure 3 Dry cups with silica gel (left) and wet cups with saline solution (right).
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Figure 4 lllustration of a wet cup.

3. Results
3.1. Impact of moisture content on thermal conductivity

The impact of the moisture content on the thermal conductivity of the composites HB-S, C2-H*, C2-
H+S, C2-S and C1-H has been assessed. As it is shown in Figure 5, the increasing moisture content
(expressed as saturation rate) causes an increase on the thermal conductivity of the composites, which
is coherent since the air within the pores of the material is progressively substituted by water in
gaseous or liquid state. The saturation rate (or degree of saturation), denoted Sr, is defined as the
ratio between water volume (V) and pore volume (V;,45). For a non-deformable medium, it can be
related to mass (u) and volume (6) water contents as follows:

VW Pdr ¢W
r Vpores ¢ Pw ¢ u Pw ( )

With ¢ [-] the total open porosity, pgry [kg/m3] and p,, [kg/m3] the density of the dry composite and
of water, respectively.

As explained by (Brouard et al., 2017), water vapor forms menisci in the pores above a certain relative
humidity threshold, generating thermal bridges. Liquid water has a thermal conductivity about 25
times greater than air’s at ambient temperature, whereas water vapor has a thermal conductivity

equivalent to air’s at 2°C according to (Bouguerra, 1999), but this value becomes 20 times greater at
60°C.
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Figure 5 Evolution of the saturation with relative humidity found during thermal conductivity and
thermal effusivity tests.



For the maximum relative humidity (97%RH), hemp composites contain more water than pith
composites (see Fig. 5), which is consistent with the results found in (Abbas et al., 2020). Concerning
their thermal behavior, HB-S and C2-S present the lowest values of A at dry state (see Fig. 4 left) and,
although the difference between the composites containing the binder C2 is barely discernible at low
saturation rate, the evolution of the thermal conductivity is very dissimilar. In Fig. 4 right, the evolution
of 1/A4ry with the saturation rate is represented in order to study how the insulating properties of
materials are affected as water progressively fills their pores. It can be noted from this figure that the
evolution of /A4, is practically linear for all composites and that the increase is more acute for pith
composites, especially for C2-S, and less acute for hemp composites, with C2-H+S between both groups.
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Figure 6 Evolution of thermal conductivity (left) and of thermal conductivity normalized to the dry
thermal conductivity (right) with saturation rate of HB-S, C2-H*, C2-H+S, C2-S and C1-H.

3.2. Impact of moisture content on thermal effusivity

As it has been mentioned previously, this parameter is responsible for metal being colder to touch
(high thermal effusivity) than, for example, cotton (low thermal effusivity). Regarding building
materials that are meant for the inside of the building, a low thermal effusivity is desirable for the sake
of thermal comfort.

The dry thermal effusivity of a composite material (a porous material is considered a composite made
of a solid phase and air) depends, on the one hand, on the thermal properties of the constituents and,
on the other hand, it depends on the distribution of these constituents — their volumetric fraction,
their connectivity, etc. (Bouguerra, Ledhem, et al., 1998; Lei et al., 2019).

Figure 7 depicts the evolution of the thermal effusivity of HB-S, C2-H*, C2-H+S, C2-S and C1-H and of
the thermal effusivity normalized to the dry value. At the dry state, HB-S presents the lowest effusivity
and C1-H the highest, whereas the composites that contain C2 are between both, which suggests that
the type of binder has a remarkable influence. The effusivity of the five composites grows with
moisture content, as expected (Antczak et al., 2003), since the thermal effusivity of water is about 270
times greater than air’s (Bouguerra, Diop, et al., 1998). As explained by Bouguerra et al., the effusivity
depends on the ease with which heat is transmitted through the porous material. Consequently, the
constrictivity — which is the reduction of the section of the path through which the heat flows — and
the tortuosity of the heat paths result in a low effusivity. In the dry state, heat flows mostly through
the solid matrix but, in presence of water, heat can flow through both phases. Even at low moisture
content, water forms a film on the pores’ surface, widening the section of the eventual paths of the
heat flux lines, which could only travel through the solid skeleton in the absence of moisture. Moreover,
when the moisture content exceeds a certain threshold, the liquid phase inside the material is



considered to be continuous and the tortuosity of the heat flux lines starts to decrease. In both cases,

the phenomena result in an increase of the thermal effusivity.
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Figure 7 Evolution of the thermal effusivity with saturation rate (left) and of thermal effusivity
normalized to the value at dry state (right) of HB-S, C2-H*, C2-H+S, C2-S and C1-H.

For all five composites, the increase of the thermal effusivity is almost linear. The slope of the
normalized values is grater for the composites containing pith and lower for hemp composites, very

similarly to the behavior described for thermal conductivity.

3.3. Impact of moisture content on specific heat capacity

The evolution of the specific heat capacity C,, of the composites with mass moisture content is pictured
in Figure 8. At the dry state, HB-S presents the highest value (which is also true for all the moisture
range), followed by C1-H, C2-S, C2-H* and C2-H+S.
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Figure 8 Evolution of the specific heat capacity with the mass moisture content of HB-S, C2-H*, C2-

H+S, C2-S and C1-H.

For all composites, the specific heat capacity increases with the presence of moisture, which is
consistent with the fact that water gradually replaces air. Whereas the contribution of air is negligible

10



due to its very low density, the contribution of water is not, and so the total heat capacity increases
with water content. The trend for all materials is almost linear.

3.4. Water vapor permeability

The vapor permeability &), results at different saturation levels for C2-H*, C2-H+S, C2-S, HB-S and HB-
M are shown in Figure 9.
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Figure 9 Evolution of water vapor permeability with saturation rate.

For all formulations, the vapor permeability increases with the saturation rate. The binder seems to
strongly influence the permeability - saturation trend, since two groups of curves can be distinguished:
afirst one, consisting of HB-M and HB-S, with a low moisture permeability around 4.5x10** kg/(m.s.Pa)
(which corresponds to a vapor resistance value of ¢ = 4,3) and an increase of about 300% for
maximum saturation values; then a second group consisting of C2-S, C2-H+S and C2-H*, with a
minimum permeability of about 2.2x10* kg/(m.s.Pa) (which corresponds to 4 = 8,9) and an increase
of about 400%.

4. Discussion

While some materials are tested for the whole range of moisture content, from the dry material to
saturation, the composites studied in this experimental campaign have only been tested for the
moisture content range that can be induced by ambient relative humidity (0-97%RH), which is much
more limited. The reason of this premise is that these materials are intended to be sheltered from
water and, therefore, no source of humidity other than the air moisture will affect them.

4.1. Impact of moisture content on thermal conductivity

While many authors report that the thermal conductivity increases linearly with moisture content for
several construction materials (Collet & Pretot, 2014; Gourlay et al., 2017; Hall & Allinson, 2009; Real
et al., 2016; Troppova et al., 2015; Yu et al., 2011), others have found an exponential correlation
(Belkharchouche & Chaker, 2016; Boutin, 1996; Taoukil et al., 2013). However, the temperature plays
amajor role in the shape of the curve and must be taken into account, as must be the range of moisture
considered (for instance, it cannot be concluded that the correlation is linear or exponential by looking
exclusively at the low-moisture content range).
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Some papers provide very complete information about these factors and study the thermal
conductivity in the whole moisture content range (from the dry material to 100% saturation) and
assess the impact of temperature. Some examples are (J. P. Laurent & Guerre-Chaley, 1995), in which
the thermal behavior of autoclaved cellular concrete is examined, and (Bouguerra, 1999), which
addresses clay-cement wood composites. Both papers explain that, for temperatures under 20 °C, the
thermal conductivity increases nearly linearly with the degree of saturation and that, over this
temperature, the relationship becomes more curvilinear. The difference lies on the evaporation and
condensation phenomena of water, the most important increase of the thermal conductivity
happening at a degree of saturation between 0 and 50% for (Bouguerra, 1999) and between 20 and
40% for (J. P. Laurent & Guerre-Chaley, 1995). The low-moisture section of the curvilinear graphs can
indeed be interpreted as an exponential function, but the complete high-temperature graphs present
more of an “S” shape.

By comparing these results to other authors’, it can be noticed that all materials seem to present these
two behaviors for the relationship between thermal conductivity and moisture content — a linear
growth at low temperature and “S” shaped relationship at higher temperatures — but the temperature
threshold is different for each material. Water, whether it is in the liquid or in the gaseous state,
presents a higher thermal conductivity at higher temperatures. In addition, at higher temperatures,
the interactions between water, air, and matrix change, which could induce a different phase
distribution morphology as a function of temperature. These two phenomena favor higher thermal
conductivity values of the wet material at high temperatures. Non-linearities for temperatures above
ambient temperature (T > 20°C) are, according to (Bouguerra, 1999) and (J. P. Laurent & Guerre-Chaley,
1995), caused by evaporation-condensation phenomena, whose presence increases with the content
of plant aggregates.

In addition, (Boukhattem et al., 2017) notes that for a given temperature the presence of plant fibers
decreases the thermal conductivity of the composites over the whole range of water content
compared to the original mortar, but that this decrease is more important in the dry state, because
the insulating character of hydrophilic fibers degrades in the presence of water. The results found in
this study are therefore consistent with this analysis, as C2-S and HB-S have a high content of
hydrophilic plant aggregates, which explains both the low thermal conductivity in the dry state and its
very marked increase in the presence of water.

We make the hypothesis that the law that describes the evolution of the thermal conductivity A with
the saturation ratio Sr takes the following form:

A=Agry 1+ a- Sr) (6)

Where a represents a parameter which is different for each material, but which presents comparable
values for materials with similar physical properties. Figure 10 depicts the evolution of the ratio
between the thermal conductivity and the dry thermal conductivity of the composites in this study and
of several bio-based materials from literature with the saturation rate. It can be noted that the
evolution of the thermal conductivity with saturation is approximately linear for all materials. The value
of the slope of the evolution of 1/14,, with St has been calculated for each material and the results
are presented in Table 3.

Table 3 Slope of the evolution of /44, with Sr.

Material a[-]
C2-S 0.511
HB-S 0.203
C2-H+S 0.146
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Sunflower pith clay composite (Brouard, 2018) 0.104
Sunflower bark pith clay composite (Brouard, 2018) 0.059
Cl-H 0.089
C2-H* 0.055
Hemp composite 1 (Collet & Prétot, 2014) 0.018
Hemp composite 2 (Collet & Prétot, 2014) 0.032
Hemp composite 3 (Collet & Prétot, 2014) 0.042
Wood-based fibreboards (Troppova et al., 2014) 0.057
Basswood (Yu et al., 2011) 0.044
Larch wood (Yu et al., 2011) 0.005

These materials can be organized in separate groups, the first being hemp composites. The results of
C1-H and C2-H* are compared to those of (Collet & Pretot, 2014), who studied three hemp-lime
formulations with different densities ranging between 390 and 463 kg/m3. Their dry thermal
conductivity varies within a wide range, from 0.07 to 0.13 W/(m.K). We notice that the evolution of
each hemp composite is different depending on the formulation and type of binder, but the slope
generally increases with density.
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Figure 10 Evolution of thermal conductivity (normalized to the dry thermal conductivity) with
saturation rate of several materials from literature and from the present study.

The second group of materials are wood and wood derivatives. (Yu et al., 2011) study larch wood and
basswood, two types of wood with different A/44,, — Sr trends. Unlike the hemp aforementioned
composites, these two types of wood have very different anatomies between one another. While larch
wood is comprised of tracheids (narrow-lumen, short, tubular cells) oriented in the direction of the
trunk and with thick walls (Liu et al., 2019), basswood presents vessels (wide-lumen, long, tubular
pores) with a 50 um diameter and thin walls, surrounded by tracheids (Gao et al., 2020).

According to (Yu et al., 2011), the difference in the structure of both woods can explain the diverse 4
— Sr trends since it causes a different distribution of the water. Furthermore, these authors studied
the dry thermal conductivity of several types of wood and concluded that it increases with density
(Agry = 0.146 W/(m.K) and p = 672.8 kg/m? for larch wood against A4, = 0.073 W/(m.K) and p =
456 kg/m3 for basswood), which is in agreement with the results found in (Abbas et al., 2020) for bio-
based materials. The last element in this group is the wood-based fiberboards studied by (Troppova et
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al., 2015), which are lightweight panels (with a density of 243 kg/m3) made up almost entirely of
vegetal fibers. Thus, their thermal conductivity is very low, presenting a dry thermal conductivity of
approximately 0.05 W/(m.K).

Finally, the third group of materials are sunflower composites. Two materials studied by (Brouard,
2018) are compared to HB-S, C2-S and C2-H+S, the first material being a sunflower bark-pith-clay
composite with a 512 kg/m?3 density and the second, a sunflower pith-clay composite whose density is
235 kg/m3. The dry thermal conductivity values of this group are generally lower than those of hemp
composites, ranging from 0.04 to 0.09 W/(m.K). The values of HB-S and Brouard's sunflower pith
composite are very close throughout the saturation range, both presenting a steep slope. In fact, all
sunflower pith composites present very steep slopes, as it can be noted in Figure 10.

A possible explanation for this sudden increase of the thermal conductivity is that sunflower pith
particles adsorb water due to their hydrophilic nature, as pith can absorb up to 917% of its weight,
while hemp shiv absorbs up to 300% of its weight, according to (Magniont et al., 2012). Thus, the
insulating properties of the pith particles would be considerably diminished, and with them, the
insulating nature of the composite, since it is considered that the pith particles form a connected
network (they represent almost half of the sample volume) through which heat is transmitted in the
presence of moisture.

In conclusion, the comparison of the 1/44,, - St evolution of the studied composites with that of
other bio-based materials from the literature shows that the structure, density, and nature of each
material play a major role on its thermal response in the presence of moisture. In particular, the
microstructure conditions the distribution of water within the material, the water being mainly found
in the small pores (Boutin, 1996). Nevertheless, all hemp and pith composites from the present study
show thermal conductivity values below 180 W/(m-K) throughout the saturation range, which stands
for a good insulating performance compared to other building materials, both traditional (Breuer et
al., 2020; Coté & Konrad, 2005) and bio-based (Haba et al., 2017; Khedari et al., 2001).

4.2. Impact of moisture content on thermal effusivity

The thermal effusivity has been observed to increase almost linearly with moisture content by several
authors, such as (Aubert, 2013) for raw earth, (Evrard, 2008) for hemp concrete or (Houngan et al.,
2015) for two kinds of wood. The evolution of some of the thermal effusivity of these materials can be
observed in Figure 11, in which the difference e — eg;-, has been represented for clarity’s sake, along
with the results obtained in this experimental campaign. Although few works address the variation of
the thermal effusivity of construction materials with moisture, we have chosen to only compare our
results to works in which the moisture intake is a result of the ambient humidity, and not a result of a
direct exposure to liquid water.
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Figure 11 Evolution of the increase of thermal effusivity (in relation to the dry thermal effusivity)
with saturation rate of several materials from literature and from the present study.

Aubert’s raw earth samples present relatively high thermal effusivity values, between 850 and 1500
J/(m?.K.s*?), while hemp and sunflower composites show values below 400 J/(m?2.K.s*?), but they are
also more dense and less porous than the vegetal composites in the figure. C1-H is very close to
Evrard’s hemp concrete. Interestingly, all materials present approximately the same slope (see Figure
11), except for C2-S, which suggests that moisture (presented as saturation rate) has the same effect
on the effusivity of most materials. In sum, all five composites from this study present a very low
thermal effusivity for all relative humidity values and are therefore interesting for an indoors use. For
instance, concrete has an e of 2167 J/(m?.K.s*?), plaster has an e of 743 J/(m?.K.s"/?) and wood has an
e of 399 J/(m?.K.s*?), according to (Wastiels et al., 2012), whereas the highest effusivity value for the
materials belonging to the present study is 359 J/(m?.K.s%?).

4.3. Impact of water content on specific heat capacity

According to several studies (Allam et al., 2018; De Bruijn & Johansson, 2013; Jerman & Cerny, 2012),
moisture has a very important effect on the specific heat capacity of construction materials, since
water’s Cp is 4 to 5 times greater than the C, of the dry material (Jerman & Cerny, 2012). Unlike the
effect of water on the heat transport properties, the presence of moisture in the material is beneficial
in terms of heat capacity since it enhances the capacity of the material to store heat. The relation
between the heat capacity of the moist material and water content in (7) is commonly used to predict
the C, of soils (Abu-Hamdeh, 2003; Alnefaie & Abu-Hamdeh, 2013; De Vries, 1963).

Pd
Cp,wet = KZ (Cp,dry tu- Cp,water) (7)

Where C, 4y, and Cp, ¢ are the specific heat capacities of the dry and wet material in [J/(kg.K)], pary
and pye; [kg/m3] are the dry and wet densities of the said material, u is the moisture content in kg/kg
and Cp, ater is the specific heat capacity of water. The mathematical development of (7), which is
namely explained in (Alnefaie & Abu-Hamdeh, 2013), assumes that the thermal capacities of the
gaseous phases (dry air and vapor) are negligible and that that of water and its substrate do not vary
with its state of adsorption.
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(Jerman & Cerny, 2012) uses this expression to predict the specific heat capacity of several
construction materials, but the experimental values are not provided. However, (Glass & Zelinka, 2010)
study the specific heat capacity of wood and conclude that the C,, of wet material can be expressed
according to (7) by adding an additional term that must be included to account for the energy of the
bond between water and wood when the moisture content is below the fiber saturation point - a
moisture threshold beyond which the physical and mechanical properties of wood substantially change
(Siau, 1984).
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Figure 12 Evolution of specific heat capacity with the mass moisture content of several materials
from literature and from the present study.
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mass water content, as well as the slope of the tendency for each material. According to (7), the trend

should be linear, and its slope should be about 4185 J/kg.K, the C, value of liquid water. The slope of

for several construction materials with

Figure 12 depicts the increase of T =

the materials in Figure 12 shows an important variability, ranging from 2856.4 to 11197 J/kg.K. The
hemp composite of Bennai et al. (Bennai et al., 2018), which was tested for water contents between 0
and 1.33 [kg/kg] by submerging the composite, shows the closest value to Cpwater, 4375.4 1/kg K,
because, for this range of water content values, free water represents a significant part of the water
in the material. However, when looking at the range of water content between 0 and 0.15, which is
the maximum water content found for the rest of the materials, the slope value of the hemp composite
of Bennai et al. becomes 3120.4 J/kg.K. It can be noted that, generally, the lower the moisture content
range for one material, the greater is the deviation of its slope from C,, 4ter- SOme materials such as
C2-S, C2-H+S, C2-H*, HB-S, the wood studied by (Samarasekara & Coorey, 2011) and the wood studied
by (Glass & Zelinka, 2010) show slope values higher than C,, ,y4¢er- On the other hand, C1-H and the
clay brick studied by (J.-P. Laurent, 1986) show slope values lower than Cp, yqter-

At low water content, the water adsorbed in the material presents interactions with the material that
are not negligible. These interactions can lead to additional energy, as in the case of materials with a
slope greater than Cp, yq¢er- This additional energy would be an interface enthalpy related to an
endothermic process. On the other hand, the behavior of materials with a slope lower than expected
could be explained by the decrease in the specific heat of the adsorbed water evoked by (Mercury et
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al., 2001) and (Ransom & Helgeson, 1994). Indeed, the adsorbed water would undergo a progressive
phase change and acquire properties close to those of ice (Cp;c. = 2060 J/kg.K), a state commonly
denoted as “ice-like”.

Given that we can find hemp composites and pith composites with both behaviors, yet all composites
with the same binder have the same tendency, it seems that the nature of the interactions between
the adsorbed water and the composites mostly depends on the type of binder and not on the type of
aggregate. However, it should be noted that the conductivity and effusivity tests are sensitive to
measurement uncertainty and therefore these must be performed rigorously.

4.4. Water vapor permeability

Many authors have noted the influence of liquid water transport on the results of vapor permeability,
such as (Antonin Fabbri, 2017), who explained that there is probably a coupling effect between water
and vapor migration. Therefore, the wet and dry cup test would measure moisture transfer (liquid and
vapor) and not only vapor transfer (Philip & De Vries, 1957). In other words, this test would not give
direct access to 6p but to a coefficient k,,, equal to (Ferroukhi et al., 2015):

km =6, + k[ (8)

With kj = k; - (RMTP;’) a variant of the coefficient of liquid water permeability k; that represents the

witv

hydraulic conductivity due to a partial vapor pressure gradient at constant temperature. R stands for
the ideal gas constant, T stands for temperature, P, represents the vapor pressure and p,, and M,,
respectively represent water’s density and molar mass.

Some authors relate the increase of water vapor permeability with relative humidity to capillary
condensation (Carmeliet et al., 1999; Kari et al., 1991; Pavlik et al., 2012). Specifically, (Carmeliet et al.,
1999) pointed out that in hygroscopic porous and capillary materials with a wide pore size distribution,
the main moisture transfer mechanisms are capillary effects and water sorption, which excludes vapor
transport. They illustrated that at low relative humidity, liquid water is only present as a very thin film
of adsorbed water, its thickness being only a few molecules, which is strongly bound to the pore
surface and therefore does not contribute to moisture transport. At this stage, moisture transfer is
governed by vapor transfer, more precisely by molecular vapor diffusion and Knudsen diffusion. As
moisture saturation increases, capillary condensation occurs in the smallest pores and islands of liquid
water appear, which locally increases moisture permeability, since water transfer is more efficient than
vapor transfer. As saturation increases, these liquid islands proliferate and eventually converge with
each other until they reach a threshold above which a connected liquid water network is established
in the porous structure. At this point, a noticeable increase in moisture permeability is observed. It has
also been observed that pore shape and, indirectly, hysteresis, have an impact on moisture
permeability, as explained by Carmeliet et al. (Carmeliet et al., 1999).
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Figure 13 Evolution of the apparent water vapor permeability with mass water content of several
materials from literature and the composites from this study.

Figure 13 presents a summary of the permeability results for the composites in this study, along with
several construction materials listed in the literature. It represents the variation with mass water
content because saturation data for the materials in the literature are not available. First, (Collet &
Pretot, 2012) and (Ouméziane et al., 2012) study the variation of permeability with relative humidity
and water content, respectively, of two hemp composites. Collet & Prétot's relative humidity results
were transformed into water content using the adsorption isotherm provided, as the permeability
tests were conducted by adsorption. The results of (Medjelekh et al., 2017) for the clay brick and the
results of (Kuishan et al., 2009) for the clay brick, concrete and cement mortar are analyzed as well.
Whereas the permeability of conventional concrete and clay brick by Kuishan et al. (Kuishan et al.,
2009) is considerably lower, all other materials show permeability values in the same range.

For all materials, the measured permeability (which is actually the moisture permeability, as
mentioned above) increases with the water content because the transport of liquid is much more
efficient than that of vapor. This increase can be more or less rapid depending on the distribution of
water in the material. For the materials in this study (see Figure 9), this distribution is conditioned by
two factors: the binder and the presence of pith. Since the results for the two families of materials (C2
and HB) are quite distinct, the type of binder seems to be the main conditioner. This could be explained
by the influence of pore shape on permeability mentioned by Carmeliet et al. (Carmeliet et al., 1999).
Also, composites containing pith show an increase in permeability with increasing saturation. The
hypothesis formulated to explain the increase in thermal conductivity of pith composites with water
content is also valid for permeability: pith, which is very hydrophilic, adsorbs water even at low
saturation. It is assumed that it forms connected paths, since it represents a significant part of the
volume. These related pathways would serve to transport liquid water from one side of the sample to
the other, significantly increasing the measured permeability. HB-S, HB-M and C2-S composites contain
almost the same proportion of pith, whereas C2-H+S contains less pith and is mixed with hemp shiv
particles that would interfere with the formation of connected pith pathways.

In general, all materials show an exponential increase, with the exception of the hemp composite of
Collet & Prétot (Collet & Pretot, 2012) and that of Ouméziane et al. (Ouméziane et al., 2012). For the
former, the growth is practically linear. For the latter, the trend describes a concave curve, contrary to
the curves of the other materials, which are convex.
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However, the method used in these two works is not quite the same as the method used in the present
article. These authors hypothesize that the mean relative humidity in the sample corresponds to the
arithmetic mean of the relative humidity inside and outside the cup. From this value, Ouméziane et al.
(Ouméziane et al., 2012) uses the adsorption isotherm to indirectly determine the water content of
the samples, previously dried. The same principle was applied to transform the relative humidity
results of (Collet & Pretot, 2012) into water content. To evaluate the pertinence of this method, the
experimental water content is compared in Figure 14 with those corresponding respectively to the
adsorption isotherm, the desorption isotherm and the average sorption-desorption for the C2-H*, C2-
H+S, C2-S, HB-S and HB-M formulations.
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Figure 14 Comparison between experimental water content and the water content corresponding to
the relative humidity (calculated as the mean value of the relative humidity pair) for each
permeability test according to the adsorption isotherm, the desorption isotherm, and the mean value
of both.

The results in Figure 14 are divergent. Whilst the experimental water content is close to the mean
between adsorption and desorption for C2-H+S and C2-S, it is close to the adsorption curve for HB-S
and HB-M. However, in the case of C2-H*, the experimental determination yields values significantly
lower than the adsorption curve. Consequently, the method used by Collet & Prétot and by Ouméziane
et al. (Ouméziane et al., 2012) cannot be applied in a generalized way for the materials of this
experimental campaign.

A second approach is to average the relative humidity at the upper and lower surface of the sample,
which can be calculated using the B-correction, following (3) and (4). These values should be more
accurate because they are supposed to reflect the true moisture conditions at the sample boundary.
Figure 15 shows the water content corresponding to the adsorption and desorption curve, as well as
the water content corresponding to the average of the two, for the mean value of the upper and lower
surface humidity.
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Figure 15 Comparison between experimental water content and the water content corresponding to
the relative humidity (calculated as the mean value between the upper and lower surface relative
humidity) for each permeability test according to the adsorption isotherm, the desorption isotherm,
and the mean value of both.

The differences with Figure 14 are barely noticeable, as the average relative humidity at the surface is
very close to the average relative humidity in the surrounding air. Therefore, this approach, like the
previous one, cannot be applied in a generalized manner.

Both methods assume that the vapor pressure follows a linear variation along the thickness of the
sample, with maximum and minimum values corresponding to the vapor pressure values imposed on
the inside and outside of the wet cup, or conversely for the dry cup (or P, at the surface calculated
using the B-correction). With this assumption, the mean value of the water content, which is a function
of the vapor pressure, can be calculated as the water content corresponding to the arithmetic mean
of the relative humidity values at the limits. To evaluate the validity of this assumption, at the end of
the permeability test, a 6 cm thick sample of each formulation was perforated 3 times on the same
vertical half-plane, as shown in Figure 16, to measure the relative humidity at the center of the sample
at several heights using a ROTRONIC humidity and temperature sensor. Position A is 1.5 cm from the
upper surface, position B is 3 cm from the upper surface and position Cis 1.5 cm from the lower surface.
The sensor is inserted in positions A, B and C, one at a time.

N
1.5 cm

6 cm

ROTRONIC
humidity sensor

1.5cm

Saline solution

Figure 16 Illustration of the measuring device of relative humidity’s vertical variation.
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The results of the latter test are shown in Figure 17. The moisture value at z=0 cm corresponds to the
moisture value at the lower surface calculated using the B-correction, the value at z = 1.5 cm
corresponds to position C, the value at z = 3 cm corresponds to position B, z = 4.5 cm corresponds to
position A and, finally, z=6 cm corresponds to the moisture value at the upper surface calculated using
the B-correction. For each formulation, only one humidity pair was selected, with the exception of HB-
S, for which one dry and one wet cup were tested.
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Figure 17 Variation of relative humidity with the position following the vertical axis of several wet
cups (left) and several dry cups (right).

For all samples tested, the variation in moisture content with thickness is practically linear, which
validates the hypothesis that allows us to calculate the average moisture content of the sample
through the arithmetic mean of the relative humidity at the limits. Based on the results in Figure 15,
the choice of averaging the surface moistures is more appropriate than averaging the moistures inside
and outside the cup. Although the moisture varies linearly along the vertical axis, heterogeneity in the
radial distribution of moisture was noted, with the center of the sample being wetter than the edges.

Therefore, the experimental moisture content should lie between the adsorption isotherm and the
desorption isotherm of each material. The discrepancy found for some materials in Figure 13 may be
due to the ageing of the materials, since it has been observed that sorption isotherms evolve after
several adsorption-desorption cycles (Chennouf et al., 2018).

5. Conclusion

In this article, the variation of transport and storage hygrothermal properties with moisture content
was analyzed for composites made from maize pith, sunflower pith, and hemp shiv. This information
is used to enrich existing databases and to feed the hygrothermal transfer models in order to improve
their prediction. Indeed, models often neglect the influence of humidity on material properties. In
most cases, tests have shown a material response very similar to that of materials in the literature,
however, sunflower pith composites have shown a particular sensitivity to moisture with respect to

thermal conductivity and apparent vapor permeability. The main findings of this study are summarized
below:

- Thermal conductivity and thermal effusivity present a proportional evolution with the
variation of the degree of saturation, which depends on the hygrometric environment of the
material. However, the impact of humidity on these thermal properties of the studied bio-
based materials varies from one composite to another depending on the binder type and the
plant aggregate’s nature.

- Concerning the specific heat capacity, a linear variation with the water content is observed for
the studied biobased composites, which is in accordance with the literature. However, for low
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water contents (hygroscopic conditions), the commonly used mixing law for the estimation of
the specific heat is not always verified for this kind of building materials and a direct
experimental assessment of this parameter seems necessary.

- The water vapor permeability evolves exponentially with the water content for most bio-based
materials. The type of binder, the nature and the quantity of the vegetal aggregates represent
the main parameters which impact the variation of this moisture transfer property.

- It has been shown as well that the transport of liquid water, called k;, has a significant role in
the hygroscopic transfers that take place within the material and should therefore be
considered in numerical models.

- In wet and dry cup tests, we recommend to measure the moisture content by evaluating the
sample’s mass gain rather than using the adsorption or desorption isotherms (or their average)
since none of them correctly describe the experimental results obtained in this campaign.
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