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Highlights

* The hygroscopic properties of wheat straw external insulation materials are assessed.
* The isothermal water vapour diffusivity was estimated from the sorption curve and the
water vapor permeability.

* The impact of material’s thickness on moisture buffer value was studied
Abstract

Straw concrete is a biobased composite developed for thermal insulation of new buildings

and thermal rehabilitation of old buildings. It is made of the combination of wheat straw, lime

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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or plaster binder and natural additives (hemoglobin, casein, gelatin). The natural additives are
used to improve the thermal and mechanical properties of the material. The characterization
of these composites has shown an attractive thermal conductivity and an acceptable
mechanical strength. The present paper focuses on the hygric characterization of these
materials which have different constituents (straw aggregates, binder and additives). Three
properties were experimentally determined, namely, sorption-desorption curves, water vapor
permeability and moisture buffer value (MBV). These hygroscopic properties are of great
importance when it comes to the comfort of the building. The isothermal water vapour
diffusivity was also estimated from the sorption curve and the water vapor permeability. The
impact of the sample thickness on the moisture buffer value (MBV) was also highlighted. The
results showed that the studied composites have excellent hygric properties which can
contribute significantly to ensure hygrothermal comfort in buildings. These hygric
performances are competitive with those of other insulating bio-based materials studied in the

literature and better than those of conventional materials used in construction.

Keywords: Wheat straw, lime, gypsume, sorption-desorption, water vapor permeability,

moisture buffer value.

1 Introduction

The use of porous biobased insulators in the construction of new buildings or the
rehabilitation of old ones offers many advantages such as biodegradability, renewability, local
abundance, and carbon dioxide storage, which contribute significantly to improving the

energy efficiency of the building and compliance with environmental requirements [1-3].

The hygric behavior of porous materials is generally studied through three properties:
sorption-desorption isotherms, permeability to water vapor and the moisture buffer value [4—

6]. The sorption-desorption curves are essential to evaluate the modifications of the properties
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caused by the hygroscopic behavior and to deduce the water vapor diffusion properties. In
general, due to their high hygroscopicity as most of the porous materials, the sorption
isotherms of the materials based on vegetable aggregates present a sigmoidal form of type II
or III according to the IUPAC classification [7]. Biobased composites have a high moisture
storage capability compared to other building materials. Samri 2008 [8] compared the
adsorption isotherms of three materials, namely aerated concrete clay and hemp concrete. He
noticed that the moisture storage capacity of the hemp concrete is higher when the relative
humidity is between 40% and 90% unlike the other two materials. According to the author,
this property (moisture storage capacity) has a direct consequence on the capacity of the
materials to fluctuations in relative humidity, present the room (human activity, kitchen,
bathroom). The different vegetal concretes studied in the literature show a similar behaviour.
For the adsorption isotherm, the mass water content of the materials increases progressively
as a function of relative humidity up to 80% RH depending on the constituents of each
composite. Beyond RH=80% the water content increases rapidly to reach values between 10
and 26% depending on the material [8—11]. Conversely, in desorption, the water content
decreases rapidly from RH=98% to RH=80% and then evolves progressively between
RH=80% and low humidity [8-11]. From this very sensitive behevior to humidity, an
important hysteresis between the adsorption and the desorption isotherm is present and has
been highlighted by several authors for the different composites of plant-based concretes [8—
11]. It has been noted that the water content of the material observed in adsorption for a given
relative humidity is lower than that observed in desorption. This difference is explained by the

existence of pores in the shape of ink bottle.

The effect of the type of constituents (aggregates, binders) and their fractions on the
adsorption isotherm has also been discussed, Mazhoud 2017 [12] noted that composites with a

lime-based matrix possess a higher water content than composites with a clay-based matrix.
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However, Chamoin 2013 [13] showed that the binder type slightly impacts the adsorption-
desorption isotherm of hemp concrete. Indeed, the substitution of the lime-based binder with a
calcium sulfate-based binder leads to a similar water content value, except at high relative
humidity (above 80% RH), where capillary condensation occurs. Belayachi et al 2015 [14],
found no influence of aggregate type on the adsorption-desorption isotherms of straw
concrete. Barley straw-based composites have similar curves to that of wheat straw-based
composites. Brouard et al 2018 [15] did not observe a significant difference between the
behavior of rapeseed-based formulations and those with sunflower bark. On the other hand,
other authors have observed that an increase in the aggregate/binder ratio leads to higher
moisture content values, especially at high relative humidities. This was attributed, on the one
hand, to a higher polymolecular adsorption and on the other hand, to capillary condensation

[9,12,16]

The water vapor permeability represents the capacity of a material to transfer moisture.
The determination of this parameter is essential in the hygric characterization of materials and
their use in the design of effective thermal insulation of buildings. The most used method in
the literature to measure this coefficient is the cup method, described in the standard EN ISO

12572 [17].

Overall, due to their high open porosity, the water vapor permeability of plant-based materials
is high. Several authors in the literature have studied the water vapor permeability of plant-
based materials using the cup method [17]. Collet 2004 [18], Evard 2008 [19], Chamoin 2013
[13], Walker et al 2014 [20], Bennai 2017 [11] determined the water vapor permeability of the
various hemp concrete mixtures. They found values between 1.6 .10'' and 3 .10
(kg/m.s.Pa) depending on the constituents of each composite. Rahim et al 2015 [21], Rahim
et al 2016 [22], obtained a value of 2 .10"!! and 4.5 .10"!! (kg/m.s.Pa) for rape straw concrete

and a value of 2.34 .10"!! (kg/m.s.Pa) for flax concrete. These experimental values proposed
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by various authors confirm the same order of magnitude for the different biobased materials

without much effect of aggregate and binder type.

The relative humidity is a factor that strongly influences the water vapor permeability.
Kumaran et al 2002 [23], Collet et al 2013 [16] determined the water vapor permeability of
biobased composites as a function of the humidity. They indicated that the permeability

evolves according to an exponential or power law with increasing humidity.

The measurement of water vapor permeability and the determination of adsorption-
desorption isotherms allow to deduce the isothermal water vapour diffusivity. This coefficient
characterizes the change rate of the water content of a material under transient changes in
humidity. Collet et al 2012 [24], Rahim et al 2015 [21] and Rahim et al 2016 [22] estimated
the water vapour diffusivity coefficient for hemp, rapeseed and flax concrete, they found

values between 107'° and 107 m?/s.

Among the hygric parameters of porous materials of interest for the design of a
comfortable indoor environment, the Moisture Buffer Value (MBYV). This property indicates
the ability of the material to regulate the moisture variations in the ambient air. The MBV is
measured according to the approach defined in the Nordtest Project Rode et al. 2005 [25].
According to several works in the literature [10,21,22,24,26-29] plant-based concretes have
shown a MBV higher than 2g/(m?.%RH), which allowed them to be classified as an excellent

water regulators according to the classification of Rode et al 2005 [25].

The present paper aims to study the hygric behavior of three biobased materials,
developed in the framework of the research program PEPITE with a great potential of thermal
insulation of buildings by interior or exterior [30]. These new materials are based on cereal
straw, lime or gypsum binder and additives from a renewable and biodegradable source to

optimize their performances for the hygrothermal comfort of buildings. Three hygric
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properties were experimentally determined, namely sorption-desorption curves, water vapor
permeability and moisture buffer value. The objective is to compare the hygric performance
of the three optimized composites which have different constituents such as the straw fraction,
the type of binder and the type of additives. The isothermal water vapour diffusivity was
estimated from the sorption-desorption curves and the water buffer value. The impact of the
thickness of the material on the moisture buffer value was also investigated. The influence of
additives and thickness on hygric properties is analyzed based on the comparison between our

research outcomes and literature findings.

2 Materials and methods

2.1 Materials

2.1.1 Raw materials

*  Wheat straw: the straw used in this study to prepare the biocomposites was harvested
in the Region Centre Val de Loire in France. It was manually cut in the laboratory
only in the longitudinal direction in order to maintain its natural tubular shape. The
size obtained after cutting is the one that was intended for mixing with 90 % straw of

3.5cm.

Two mineral binders were used in the present study to prepare the biocomposites:

* Tradical PF70: is a pre-formulated binder manufactured in accordance with the
requirements of NF 459. It is based on aerial lime (75%), hydraulic binders (15%) and
pozzolan (10%).

* A commercial plaster produced by Diall, wich is characterized by its quick setting

time (10-15 minutes).
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Three natural additives was adopted to optimize the thermal and mechanical properties

of biocomposites :

* Hemoglobin: this is a proteinaceous substance from pork blood obtained by

fractionation and spray drying. Vepro 95 PHF is the commercial name of the product

used in this study and is manufactured by the Vapran Group in powder form.

* Casein: this is a protein extracted from milk, produced by EPI Ingredients Group in

the form of a fine white powder (<400um). It is used as a natural fixative for lime

coating.

* Gelatin: this is a technical gelatin 200 bloom produced by the Weishardt Group in

powder form with a particle size less than 20 mesh (841 pm).

2.1.2  Biocomposites

Three straw composites were selected from previous work [30] for this investigation, the first

one is based on lime, hemoglobin, and casein (Fig.1-a). These additives were used to increase

the porosity of the matrix and improve the fiber-matrix interface. The second one is based on

lime and gelatin (Fig.1-b). The last one is based on gypsum plaster and gelatin. The use of this

biopolymer allows increasing of straw fraction (Fig.1-c). The manufacturing procedure of the

developed biocomposite is detailed in the previous work of Ismail et al. 2020 [30]. The

composites are denoted respectively LHC, LGB and GGB, as indicated in Tab. 1.

The porosity of composites was determined by the pycnometer method, the values obtained

for the three materials are remarkably close.

Mixture-1D Mass ratio (kg/kg) Density Total porosity
Short Ref Long Ref S/B H/B C/B GB/B (Kg/m?) (%)
LHC Lime+5% H+2.5%C 0.3 0.05 0.03 - 308 85.47
LGB Lime+20%GB 04 - - 02 288 85.37
GGB Gepsume+10%GB 0.4 - - 01 277 87.14

S/B: Straw/Binder H/B: Hemoglobine/Binder C/B: Caseine/Binder
GB/B: GelatinBinder/Binder.
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Tab. 1. Composites designation and detailed mixture proportions

Fig. 1. Appearance of composites (a) LHC (b) LGB and (c) GGB

2.2 Methods

In order to evaluate the hygric behavior of the selected biocomposites, three types of
experimental tests were carried out, the sorption-desorption, the water vapor permeability and

the moisture buffer value

2.2.1 Sorption-desorption isotherms

Sorption-desorption isotherms are often determined by gravimetric measurement, where
material samples are placed in different relative humidities at constant temperature. Mass
tracking is used to determine the equilibrium point and to calculate the water content for a
given humidity. The most commonly used method is the saline solution method, which allows

the use of nine humidity levels between 10% and 98%.

In this work, the sorption-desorption curves of the three composites were determined
automatically using Vsorp equipment from ProUmid GmBH, (Fig. 2). The device is equipped

with a sample tray and a balance with a resolution of 100 pg. The sample tray is located in a



189  climatic chamber with controlled temperature and humidity. Materials samples of
190  approximately 5 x 5 x 5 cm® were prepared for each composite and dried at 60°C until
191  constant mass was reached. Then, the material samples were placed in aluminium pans of
192 sample tray. Nine humidity levels (varying from 10% to 90% RH with a 10% step) were set at
193  a constant temperature of 25°C. The weighing of the samples was performed automatically
194  every 15 min. Equilibrium is assumed to be reached when the mass variation does not exceed

195  0.01% within 24 h.

Climatic chamber
sensor column

Heat exchanger

196 Fig. 2. Sorption-desorption test (Vsorp equipment)
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2.2.2  Water vapour permeability

The Vsorp equipment was also used here to measure the water vapor permeability of the
composites based on the cup method according to the European Standard EN ISO 12572 [10].
The test procedure consists of applying a pressure difference between the upstream and
downstream sides of the specimen and then calculate the amount of water vapor flow through
the material (Fig. 4). The density of water vapor flow rate, g, is given by the following

equation:

ey

Q
Il
RN o

With :
A : is the exposed area of the test specimen (m?)

G: represents the mass change rate, calculated from the mass versus time curve. According to
the standard EN ISO 12572 [10], the value of G is obtained when each of the last five
successive determinations of Ami> is within £5% of G (the mean of five successive

determinations).
Where :

Miy1 — M 2

With : mj is the mass at time ti; mi+; iS the mass at time ti+;

The moisture transfer under a vapour pressure gradient can be expressed as:

g=—8Vpv 3)

So, the water vapour permeability, 6 (kg/(m.s.Pa)), is given by the equation 3 :

_, & “)
-9 Apv

10
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Where :
e : is the thickness of the test specimen in m
Ap :1is the water vapour pressure difference Pa

The vapour pressure on either side of the specimen was calculated from the temperature (T)

and relative humidity (HR) according to the formula proposed by the standard [10]:

17.269 T )
py = HR.610.5 €2373+T

In order to take into account, the resistances of the layer of air in the test cup between the base
of the specimen and the desiccant or saturated salt solution, and on both internal and external
sides of the specimen. The standard EN ISO 12572 [10] and other works [20-21] of the
literature proposes to correct the water vapour permeability calculated in formula 2 by

formula:

€ (6)
Apv

7 - (Zp,air + Zp,in + Zp,out)

With :

Zyp air: 18 the resistances of the layer of air in the test cup between the base of the specimen

and the desiccant or saturated salt solution is given by:

da )

Where da (1.5 cm) is the thickness of the air layer and &, is the water vapour permeability of

air.

Zpin and Zp oue (Pa.m? s)/kg) are the resistance of the boundary layers which can be estimated

from the convective mass transfer coefficients ( ) [20-21].

11
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p1s estimated using the following equation:

i — Rv- T. (,0- Cp)air L€3/4 ©)

By he

where q is the air density (125 kg/m®), Cp: heat capacity of air (1005 J/(kgK)), Rv: gas
constant for vapor (461.5 (J/(kgK)), T: temperature (20°C), Le is the Lewis number (ratio
between the thermal diffusivity to vapor diffusivity of air and the volumetric heat capacity of
air), and hc: the convective heat transfer coefficient (W/(m?K)), is estimated from the air

velocity  (m/s) by the following relation [20-21]:

he=5.83+3.96. (10)
The hcou is calculated from the air velocity above the specimen (0.25 m/s) and hejn is

calculated from the air velocity below the specimen (0 m/s).

Several works in the literature also use the vapor resistance factor ( ) instead of the water

vapor permeability:

5, (11)
H=75

where 8, is the water vapor permeability of air (2.10!%kg/(m.s.Pa)).

In this work, the water vapor permeability of composites was evaluated under dry cup
(3%/50% RH) and wet cup (93%/50% RH) conditions. The tests were performed at 23°C, the
50% RH was provided with a climatic chamber of Vsorp equipment and the 3% RH or 93%

RH was maintained by the molecular sieve (spherical metal aluminium silicates with sphere

12
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diameters between 1.6 and 2.5 mm) and the saturated salt solutions of KNOs, respectively.
Circular samples with a diameter of 8.5 cm and a thickness of about 1 cm, were prepared in
cylindrical cardboard moulds for each material (Fig. 3). After a curing period of 28 days, the
specimens were conditioned at 50% RH and 20°C until mass stabilization. To avoid errors
due to leakage, a mixture of 60% of microcrystalline wax with 40%
refined crystalline paraffin was used to ensure a seal between the sample and the cup. The

weighing of the cups is programmed every 10 minutes.

Fig. 3 : Preparation of samples for water vapor permeability test (a)

cylindrical cardboard moulds (b) samples of composites

13
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‘Water vapor flow

Hrout> Hrin

Specimen

Sealing

Salt solution Cup

Fig. 4. Water vapor permeability test (a) experimental device (Vsorp) (b) and (c) sample+cup

used for measuring water vapor permeability according to standard cup-method

2.2.3  Isothermal water vapour diffusivity
The combination of the results obtained for the adsorption isotherms and the water vapor
permeability allows the calculation of the isothermal water vapour diffusivity Dw. Indeed,

under isothermal conditions, the vapour flux density is given by the following equation:

g=-D,Vw (12)

With :
D,,: water vapour diffusivity in m %/s

o: water content in kg/m?

14
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For a one-dimensional transfer the equation can be written as a function of the relative

humidity as follows :

0HR 13
g = _prsatW ( )

HR : relative humidity

Psac: saturated vapor pressure in Pa

So, the isothermal water vapour diffusivity is calculated from sorption and water vapour

permeability according to the following equation:

_ Dsat-6 (14)
T dw
OHR

Dy,

] o L . .
ﬁ represents the derivative of the adsorption isotherm which reflects the moisture storage

capacity of the material.

In order to calculate ;—wR, a modeling of the adsorption isotherm is necessary. For that, several
models were used in the literature, such as the model of Langmuir 1918 [31], the model of
Brunauer-Emmet-Teller (BET) [32], the model of Guggenheim-Anderson- DeBoer (GAB) or
the model of Generalised-D'Arcy-Watt (GDW). These last two are derivatives of the

Langmuir model and are the most widely used in the literature.

In this study, the GAB model was used to smooth the adsorption curve of the three

composites. The expression of this model is given by the following equation:

B Wy C,C3HR
~ (1= C3HR)(1 —C3HR + C,C3HR)

El - Em EL - Em
C, =exp RT ,C3 = exp RT

w

15
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With :

w : water content by mass of the material,

W : water content of the material when the walls are completely covered,
Ei: molar heat of adsorption in J/mol,

EL : latent molar heat of vaporization in J/mol,

T : temperature in K,

R : perfect gas constant.

The constants wm, C2 and C3 are determined by fitting the GAB model to the experimental

measurements using the least squares method.

2.2.4  Moisture buffer value (MBYV)

The moisture buffer value is measured according to the protocol developed by Rode et al
2005 [25]. The test was performed using a Binder climatic chamber. The samples were
subjected to a cycle of 24 hours in which the relative humidity was fixed at 75% for 8 hours
and then at 33% for 16 hours (Fig. 5). An adjustment of the chamber fan speed was necessary
to obtain the value recommended by the protocol (0.1 = 0.05 m/s) in the vicinity of the
samples. The samples were weighed five times in the adsorption phase and twice in the
desorption phase using a balance with a resolution of 0.01 g. The test was stopped when the
difference between the mass variations recorded became less than 5% over the last three
cycles. The moisture buffer value was calculated according to the following equation:

Am (15)
A.(HRyigh — HRyow)

MBV =

Where :
MBYV: is the moisture buffer value (g/m?>.RH (%)),
Am : is the mass variation during the sorption or desorption phase (g),

A : is the exchange surface (m?),

16
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Fig. 5. Example of a moisture uptake and release cycles for a sample

0.5 " 100
|| e dm . .
0.45 [ Temper:ture - 920
0.4 ----—80
0.35 --—--—170
0.3 ----— 60
0.25 F ----—50
0.2 ----—40
0.15 -——-\--—-—30
0.1 —20
0.05 —10
I 1 1 ] ] 1 1 1 1 :
c Lol Ll ' Lol L ' Lol L - Lol L - Ll L ‘ Ll L ' Ll ol ' - ' Lol Ll ' L]
10 20 30 40 50 60 70 80 90 100

Time (hours)

RH(%)/ T(°C)

In order to evaluate the influence of material thickness on MBV, four thicknesses were

studied for each composite: 6 cm, 8 cm, 10 cm and 12 cm. Three samples with an area of 10 X

10 cm? were prepared for each composite and each thickness (Fig. 6). All sample surfaces are

protected with adhesive aluminium tape to leave a single exchange surface as shown in Fig. 7.

17
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Fig. 6 : Experimental setup and placement of samples

3 Results and discussion

3.1.1 Sorption-desorption isotherms

Fig. 7 shows the mass variation of the three composites as a function of time for the different
humidity levels imposed at constant temperature. It can see that for the humidity levels below
80% RH, the mass stability was reached in a few days. However, for the 90% humidity value,
the kinetics of mass gain becomes very slow, especially for lime-based composites. The
achievement of equilibrium required two months respectively for LGB and LHC compared to
4 days for the gypsum plaster-based composite (GGB). This shows that the binder type
influences the moisture adsorption kinetics of the composites. It was observed that during the
90% humidity level, the water content of the plaster composite (GGB) was decreased slightly
(by 1%) between 60 days and 110 days. This reduction may be due to the formation of mold
in this composite which leads to the modification of its water content. Indeed, it was observed
at the end of the test an appearance of mold inside and on the surface of the samples of this
material. The curves also show that the desorption kinetics is very fast compared to the
adsorption kinetics. The desorption path time is approximately 18 days against 4 months for
adsorption path. This shows the very long time necessary for the hygric characterization of

porous materials, and the biobased materials particularly.

18
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Fig. 7. Mass variation as a function of time at different humidity levels

Fig. 8 shows the sorption-desorption isotherms for the three studied composites. The shape of
the curves is similar to that found in the literature for other plant-based materials. For the
LHC and LGB lime-based composites, the water content in adsorption increases progressively
and almost linearly with the increase in humidity up to a RH=80%. Beyond this last value, the
water content increases rapidly to reach a value of 20% and 16% respectively for LHC and
LGB. In desorption, the water content decreases progressively and linearly over the whole
moisture range until reaching a value of 14% and 9.8% for a humidity of about 10 %. This
was reflected in a large hysteresis that was observed over all humidity levels for lime based
biocomposite. This hysteresis can be explained by the existence of the «ink bottle » shaped
pores but also by the consumption of H>O during the carbonation reaction. Indeed, as it has
been noted above, the samples tested had a cure time of 28 days, whereas the complete

carbonation of lime can last several months [33].
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For the gypsum-based composite (GGB), the increase in water content was almost linear over
the whole study humidity range, a small hysteresis was observed between RH=40% and
RH=70% but with a negligible area compared to that observed in the case of lime-based

composites.

Fig. 9 shows a comparison of the adsorption desorption curves of the studied composites with
those of other biobased materials from the literature. The evolution of the water content in
adsorption and desorption is almost similar between the different materials. However, it is
clear that the hysteresis between the adsorption and desorption curve of LHC and LGB
composites is more significant than that of other materials in the literature. The hysteresis
observed in the case of plaster-based composite (GGB) is less important than that of hemp
concrete. These results can be explained by the variation of the constituents such as the binder
type, the binder content, and the nature of the plant aggregates which results in a different

porosity network and consequently a different hygric behaviour of the materials.
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Fig. 8. Adsorption-desorption isotherms of the three composites
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Fig. 9. Adsorption-desorption isotherms of the studied composites with other biobased

materials in the literature

3.1.2  Water vapor permeability

The mass variation (cup and sample) is illustrated in Fig. 10 as a function of time, obtained
for the dry and wet cup chosen here for the study. It can be seen that the saturation of
molecular sieve was reached during 24 h, because of its ability to absorb moisture very
quickly. These curves were used to calculate the flow density through the samples in order to

deduce the water vapor permeability.
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Fig. 10. Variation of mass as a function of time (a) dry cup (3%/50%) (b) wet cup (50% /

93%)

We can notice that the deduced water vapor permeability of the three composites (Fig. 11) is
in the same order of magnitude, both for the dry (3%/50% RH) and wet cup (50%/93% RH).
The values obtained in both cases are close and the standard deviation remains in the same
range for the three composites. This can be justified by the fact that the porosities of three
composites are very close (Tab. 1). We also note that the binder type has no impact on the
coefficient of permeability to water vapor, with values which remain quasi-similar for lime or
gypsum plaster in the case of the wet and dry cup. 4.3.10"'! kg/m.s.Pa. The same result was
showed by Chamoin 2015 [13]. They noted that the water vapor permeability remains almost
constant despite the substitution of a binder (Tradical PF70) by another (Microcem),
regardless of the replacement rate. Evard 2008 [18] also found that the water vapor
permeability of hemp concrete is about 4.3.10"! kg/m.s.Pa and 4.4.10"" kg/m.s.Pa

respectively for wet and dry cup.
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Fig. 11. Water vapor permeability of the three composites for the dry (3%/50% RH) and wet

cup (50%/93% RH)

The obtained values for the three composites are in the same order of magnitude as those of

other plant aggregate materials proposed by other authors in the literature as shown in Tab.2.

We compare also the vapor resistance coefficient which represents the ratio of the diffusion

coefficients of water vapour in air and in the building materials proposed by several studies.

These values show that water vapour passes quickly through the biobased materials, thus

avoiding the problem of condensation but it is necessary to remain vigilant in the case of

rehabilitation of old building and to study the composition of the existing walls.

Material Papp [kg/m3] ul-] References
LHC 312 9.47 Present study
LGB 294 8.45 Present study
GGB 285 8.35 Present study

Lime + hemp 405 -440 | 10-12 Collet 2004 [34]
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Lime + hemp 400-466 | 5-17.5 Evard 2008 [19]
Lime + Microcem + hemp 406 — 475 6.46 Chamoin 2013 [13]
Lime + treated hemp 469 7.23 Chamoin 2013 [13]
Lime+colza 469 7.57 Rahim et al 2016 [21]
Lime+flax 469 8.29 Rahim et al 2015 [20]
Ordinary concrete 2300 - 2600 130 R-Thermique 2005 [35]
Natural pumice concrete 950 - 1150 50 R-Thermique 2005 [35]
Autoclaved aerated concrete | 765 — 825 10 R-Thermique 2005 [35]
Wood concrete 450 - 650 15 R-Thermique 2005 [35]
Terracotta 2300 - 2400 16 R-Thermique 2005 [35]

Tab. 2. Vapor resistance coefficient of the studied materials in comparison with other

materials in the literature (dry cup)

3.1.3  Isothermal moisture diffusivity

As explained above, the calculation of moisture diffusivity requires the identification of the

parameters of GAB model selected for fitting of the adsorption curve as shown in Fig. 12 by

using the three curves for the studied biocomposites. Tab.3 gathers the estimated model

parameters. It is clear that the GAB model perfectly reproduces the experimentally obtained

adsorption isotherms for the three materials.
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Fig. 12. Fitting of absorption curves using the GAB model

Composite | on (%) | Co C;

LHC 1.56 16 |1.02
LGB 1.96 |12.88]0.97
GGB 3.89 | 191 ]0.67

Tab. 3 GAB model parameters

Finally, by introducing the storage capacity with the water vapor permeability in equation 4,
the evolution of the isothermal moisture diffusivity as a function of water content can be
deduced. The results obtained for the three composites are presented in Fig.13. We can
observe that the evolution of the water vapour diffusivity of two lime-based materials is
similar. Moreover, the shape of the three curves at low and medium water contents, coincides
with the one predicted by De Vries 1958 [36]. For the gypsum-based composite only the
decay is observed. This can be explained by the difference in the derivative of the sorption-

desorption isotherm curve calculated from the GAB model. On the other hand, the maximum
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values of the water vapour diffusivity for the three composites are very close. They are equal
to 3.9 10, 3.7 10 and 3.6 10” respectively for LHC, LGB and GGB. These values, as well
as the evolutions of the water vapour diffusivity, obtained for the three composites are in
agreement with those found in the literature for other plant-based concretes with values in the
same order of magnitude (10®) from the works of Collet et al 2012 [24], Rahim et al 2015

[20] or Rahim et al 2016 [21].
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Fig. 13. Evolution of the isothermal water vapour diffusivity as a function of the mass water

content for the three composites

3.1.4 Moisture buffer value (MBV)
Fig. 14 shows the obtained moisture buffer values for the three composites and for all selected

material thickness. The values represent the average of the three measurements for the three
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samples used. All the values are higher than 2 (g/m? %RH) which allowed to classify the three
new materials in the range of excellent moisture regulators according to the classification of
Nordtest project Rode et al 2005 [25]. The values obtained for the plaster-based composite are
better than those for lime-based composites. As an example, for a thickness of 12 cm, the
MBYV of GGB reaches a value of 3.45+0.20 (g/m* %RH) against 2.53+0.18 (g/m? %RH) and
2.66+0.12 (g/m? %RH) respectively for LGB and LHC composites. The standard deviation

remains the same order of magnitude in all cases.

The evolution of the MBV with the thickness of the samples was not significant and no trend
is noted. The thicknesses tested are greater than the water vapor penetration depths, which
may be the reason for this result. Arfvidsson 1999 [37] defined the penetration depth (dpi%)
of water vapor as the depth at which the amplitude of the variation of the water content is only
1% of the variation of the material surface. For a sinusoidal variation of the moisture content

on the surface of the material, the penetration depth is given by the equation 6

Dpt, (16)

d,q = 4,61
1% T

Dn : is the water vapour diffusivity in m?/s, for a relative humidity value of 54% RH (average

between 33 %RH and 75% RH).
tp : is the time period in (s) (24 h in this study).

The results presented in the Tab. 4 confirm that the dp1% values calculated from equation 6 are

lower than the studied thicknesses.

Composite | Dw(m?s) | dpiacm)
LHC 1.78.107° 3.24
LGB 1.69.107° 3.15

GGB 2.38.107 3.74
Tab. 4 Penetration depth (dp1%) calculated for the three composites
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Fig. 14. Moisture buffer values for different thickness of the samples (a) LHC (b) LGB and

(c) GGB

In Fig. 15, a comparison between the MBV and the density values obtained for the studied
biocomposites (with a thickness of 10 cm) and those found in the literature for other
composites and other commonly used building materials. The MBV of straw biocomposite is
in the same order of magnitude as that of the mentioned biobased materials and it is largely
higher than that of conventional building materials as cellular concrete. It is also clear in the
fig 15 that the smaller the density, the higher the MBV of the material. However, it should be
noted that the most influencing factor on the MBV of the material is the pore distribution and

its connectivity.

28



476

477

478

479
480

481

482

483

484

485

486

487

488

489

Starch+ hemp
(Hussain et al 2019)

GGB
(Present study)

LHC
(Present study)

Lime+colza
(Tran le 2016)

Lime-+flax
(Rahim et al 2015

LGB
(Present study) Excellent

Lime+hemp regulator

(Collet et al 2012)

Cellular concrete
(Rode 2005)

Brick
(Rode 2005)

Gypsum
(Rode 2005)

Concrete
(Rode 2005)

0 500 1000 1500 2000 2500
Density ( Kg/m“)

Fig. 15. MBV and density of the studied composites in comparison with other materials in the

literature

4 Conclusion

The objective of this paper was to study the hygric properties of the three new straw biobased
materials with different constituents. The sorption-desorption curves showed a similar pattern
to other porous materials studied in the literature such as hemp concrete. A large hysteresis
was observed in the case of the lime-based composites, explained by the existence of the ink-
bottle shaped pores or the consumption of the water absorbed by the carbonation reaction. The
gypsum-based composite has a different behavior than the lime-based composites, which
confirms that the type of binder strongly influences the moisture storage of the composite
material. All three composites showed high water vapor permeability (low resistance to water

vapor diffusion) due to their high open porosity, which allows them to be qualified as highly
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hygroscopic materials. In other words, they can contribute to naturally regulate the
hygrometry of the interior air of the buildings. The coupling of the results of sorption-
desorption and those of the permeability to the water vapor have allowed to deduce the
isothermal water vapour diffusivity of the materials. Finally, the moisture buffer value of
three composites is measured as a function of the thickness of the materials. The values found
made it possible to classify the three composites as excellent moisture regulators without any
effect of the thickness as the thicknesses tested were all greater than the penetration depth.
The results obtained showed the good hygric performance (permeable to water vapor and
moisture regulator) of the studied materials compared to the other classical materials often

used in the construction sector.
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