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ARTICLE INFO ABSTRACT

Keywords: Biosourced earth materials represent a sustainable alternative to conventional building materials in the effort to
Hygrothermal performance fight and adapt to the effects of global warming in the construction sector. These materials have hygrothermal
CEB

properties that enhance the thermal insulation of buildings and facilitate passive control of the relative humidity
in indoor environments. The aim of this work is to study the hygrothermal properties of compressed clay —
quackgrass straw blocks stabilised with 8wt% cement. Thermal characterisation of this material shows that the
addition of 0 to 1.5wt% quackgrass straw in 0.5 increments improves the thermal conductivity of the clay ma-
terial by 19%, from 0.74W.m 1.K~! to 0.6W.m ! . K~'at 40%RH. The simultaneous search for good thermal and
mechanical performance of the material showed that the presence of 1wt% quackgrass straw in the Compressed
Earth Block (CEB) was a good compromise. However, despite the incorporation of a biosourced material
(quackgrass straw), CEBg —1 exhibited a moisture adsorption capacity that was not significantly affected in
comparison to the earthen control material (CEBg — 0). At 85%RH, the Equilibrium Moisture Content (EMC) of
CEBg —1 was determined to be 2.57%kg.kg’1, while that of CEBg —0 was found to be 2.92%kg.kg’1. Furthermore,
implementation of these properties into numerical simulations of hygrothermal transfer through CEBg —0 and
CEBg —1 materials gives results consistent with experimentation. This is reflected in statistical accuracy in-

Quackgrass straw
Heat and mass transfer
Simulation

dicators (MBE and CV(RMSE)) close to 0.

1. Introduction

The efforts to fight against climate change and the depletion of
natural resources depend in part on the implementation of energy-
efficient, thermally comfortable buildings with low greenhouse gas
(GHG) emissions. This is all the truer as the building sector plays a major
role in global warming. It is responsible for 32% of gas emissions, of
which about 11% are due to materials and construction, and the rest to
the energy used to operate buildings, i.e. about 30% of global energy
production in 2022 [1]. According to the International Energy Agency
(IEA), if no action is taken to improve the energy efficiency of buildings,
global energy consumption in the building sector could increase by
around 50% [2].

In addition to considerations of aesthetic appeal, a building will be
evaluated primarily based on the level of comfort it provides to its oc-
cupants and its energy performance. A building energy performance is

* Corresponding author.

indicative of the quality of its energy consumption [3]. The term can be
defined by the interaction of six factors: climate, the building envelope,
the building energy services, its operation, occupant behavior and the
quality of the indoor environment provided [4]. In light of the afore-
mentioned, Horne & Hayles [5] assume that the energy performance of
the envelope and its durability represent the most pivotal factors in the
search of optimal energy performance in buildings. Indeed, several
studies estimate that over 60% of the thermal load in buildings can be
attributed to heat transfer through the envelope [6-8]. Limiting this heat
transfer by using materials with better thermal properties would reduce
the energy consumed by HVAC (Heating Ventilation and Air Condi-
tioning) systems to ensure thermal comfort.

Considering the substantial energy demands associated with heating
and cooling buildings, it is obvious that the conventional materials (such
as concrete) employed in construction do not exhibit the required
thermal properties to address the climate challenge confronting the
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planet. Earth materials present a good alternative. The minimal energy
requirements for utilization and the extensive availability of these ma-
terials render them environmentally friendly and accessible to all. In
their 2017 study, Niroumand et al. [9] define raw earth as a sustainable
building material that considers health, thermal comfort, and economic
criteria. Earth materials have intriguing hygrothermal characteristics
that, when optimally harnessed, guarantee energy savings in buildings.
To illustrate, Zhang et al. [10] have employed CEBs (Compressed Earth
Blocks) with thermal conductivities spanning from 0.52 to
0.93W.m~1.K~1, depending on the density of the materials in question.
The highest conductivity was observed in specimens with a density of
2100kg.m~3. In comparison, concrete blocks with a similar density
(2000kg.m—3), which are commonly used in building walls, exhibited a
conductivity of 1.7W.m~1.K~! [11]. Table 1 provides a concise synopsis
of the thermal properties of selected earth materials as documented in
the existant literature. The thermal conductivities of these materials
have been determined as a function of their relative humidity or water
content, but also as a function of the content of incorporated biosourced
fibres. In most cases, these bio-based materials improve the thermal
properties of earth matrices. For instance, [12] observed a 75 %, 65 %,
and 54 % reduction in thermal conductivity when 6 wt% of barley
straw, hemp shiv, and corn cob, respectively, were incorporated into the
soil matrix (Table 1).
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Earth materials also have the ability to passively control humidity in
indoor environments [21] as they are hygroscopic. However, most of the
research conducted on these materials has primarily focused on their
mechanical and thermal properties, with relatively little attention paid
to their hygric properties. This trend was corroborated by the findings of
Turco et al. [22]. After a comprehensive review of 86 articles on earth
construction materials from around the world, the authors concluded
that 89% of them focused on determining their mechanical properties,
while only 33.3% addressed their thermal properties. None of the
studies considered the hygroscopic properties of these materials.
Furthermore, this study identified a number of studies that emphasised
the hygroscopic nature of earth materials by determining their Equi-
librium Moisture Content (EMC) and their vapor diffusion resistance
factor (u) (Table 1). Despite the endeavours of the scientific community
to accelerate progress in this domain, Benin is falling behind in taking
account the hygroscopic characteristics of these materials. For instance,
of the approximately fifteen articles on earth construction materials in
Benin identified in this study (Table 2), only one addressed the hygro-
scopic properties of these materials. This was the study carried out by
Houngan et al. [23] (Table 2). However, a large part of the country,
particularly in the southern region, is subject to a humid tropical climate
(70 to 95%RH), which has a considerable impact on the actual perfor-
mance of these materials.

It is a widely acknowledged fact that humidity is a primary factor to

Table 1
Hygrothermal properties of a number of earthen materials in the world.
Constructive Materials Density ‘’ (kg.m %) Thermal conductivity ‘A’ EMC Vapor diffusion resistance Ref
technique wmlKk1 (%.kgkg™) factor ‘@’ (—)
CEB Earth 1500 - 2100 0.52-0.93 45-42at -
98%RH 110}
Earth + barley straw [0 — 1891 454 — 0.57 £0.03 -0.14+0.01 27-33at 4.9+0.3 -7 +0.3 (wet cup) [2]
6wt%] 1100 + 49 94%RH
Earth + hemp shiv [0 — 1891 £ 54 - 0.57 £0.03 - 0.20 + 0.01 27 -34at 49+0.3-6.1+0.2 (wet cup)
6wt%] 1271+ 16 94%RH
Earth + corn cob [0 — 1891 +£54 — 0.57 £0.03 - 0.26 + 0.01 2.7-38at 4.9+0.3-5.1+0.7 (wet cup)
6wt%] 1565 +18 94%RH
Extruted earth Earth brick 1 2060 0.59 6 at 95%RH 7 (dry cup) / 3 (wet cup) (3]
bricks Earth brick 2 2030 0.56 5.2 at 95%RH 9 (dry cup) / 6 (wet cup)
Earth brick 3 2020 0.52 5.3 at 95%RH 19 (dry cup)/ 5 (wet cup)
Earth brick 4 1940 0.56 4.4 at 95%RH 7 (dry cup) / 4 (wet cup)
Earth brick 5 2070 0.47 4.4 at 95%RH 14 (dry cup)/ 7 (wet cup)
Earth brick 1 + lime [0 — 1989 - 1829 1.02-1.18 at 0 — 85%RH (0wt% 3.5-51at 9.1 - 8.1 (wet cup)
S5wt%)] of lime) 96%RH (14]
0.74-0.79 at 0 — 85%RH (5wt%
of lime)
Earth brick 2 + lime [0 — 2046 — 1863 0.97 - 1.26 at 0 — 85%RH (0wt% 3.7-48at 11.1 - 9.4 (wet cup)
Swt%] of lime) 96%RH
0.81 -1.06 at 0 — 85%RH (5wt%
of lime)
Earth brick 3 + lime [0 — 1992 - 1843 1.20-1.23 at 0 — 85%RH (Owt% 49-7.2at 8.8 -9.3 (wet cup)
Swit%] of lime) 96%RH
0.88-0.95 at 0 - 85 % RH (5 wt
% of lime)
Adobe Earth 1762 - 1798 at 0.77 - 0.95 at 0 — 96%RH 5.2 at 96%RH - [15]
0 - 96%RH :
Earth 2024 0.85-1.05 at 40 — 95%RH 3.6 at 95%RH -
Earth 1988 0.85 - 1.03 at 40 - 95%RH 3.3 at 95%RH - (16l
Earth 1672 0.85-1.01 at 40 — 95%RH 2.2 at 95%RH -
Rammed earth Earth - 0.63 - 1.20 at 0 — 14wt% of water 4.2 at 98%RH - [17]
content
Earth + sand = Mix 2084 1.43-1.54 at 0 — 14.5wt% of 1.6 at 98%RH 14 (wet cup) (18]
water content
Mix + 1wt% of lignin 2086 1.87-1.91 at 0 - 15.6% of water 1.8 at 98%RH 16.8 (wet cup)
sulfonate content
Mix + 1wt% of tannin 2057 1.43-1.46 at 0 — 16% of water 1.7 at 98%RH 11.2 (wet cup)
content
Mix + 0.25wt% of wool 2069 1.44 -1.58 at 0 - 15.8% of water 1.7 at 98%RH 14,1 (wet cup)
content
Cob Earth + 2.5wt% flax 1650 0.48-1.31 at 1 — 21% water 2 at 90%RH 12.9 (dry cup)
straw content (191
Earth + 3wt% straw fibers 1654 0.167 -0.197 at 10 - 40°C 3.7 at 90%RH 18.5 (dry cup) [20]
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Table 2
Characteristics of earthen materials produced in Benin.
Year  Material Properties studied Ref
Physical Mechanical Thermal Mass transfer Durability
2011  Cement - stabilised laterite - - EMC =10.2 -
cement — wood composite - - - EMC = 4.8 - (23]
2015  Composite of clay, rice stalks and cowpea p = 1565 DCS = [3.14;4.95] A =1[0.87;1] - - [24]
infusion (banco granary) o =[21;2.3] E =
[1290;1428]
a = [4.54;4.98]
2015  CEB stabilised with 10 %wt cement and p = 1565 DCS = [1.5;3.2] - - Cb = [7;32] -
containing cotton waste [0; 50%vt] o =[0.24;0.75] Ca =[0.8;5.7] [25]
2016  CEB stabilised with 10 %wt cement and - DCS = [1;4.3] A =[0.85;1.7] - - [126]
containing sawdust [0; 8%wt] o =1[0.23;0.34] E =
(1318;1811]
a =[4.16;8.91]
2017  CEB containing kenaf fibers (0 and 1.2 % e =[18;21.3] DCS = [4.1;6.2] A =[0.95;2.08] - - [27]
wt) of size [10; 30mm]
2017  CEB stabilised with 10 %wt cement and - DCS = [2.4;5.3] - - - (28]
containing crushed waste glass [0; 60 %wt] o =1[0.7;2]
Fired clay brick containing crushed glass - DCS = [14.6;16.6] - - —
waste [0; 60 %owt] o =[3.6;8]
2018  Fired clay brick containing expanded p = [1199;1750] DCS = [3.08;9.51] - - - [20]
polystyrene [0; 100 %vt| o =1[0.32;1.22]
2018  Fired compressed clay containing coal ash - DCS = [6.6;9.2] A =1[0.58;0.68] - - (30]
[0; 20%wt] o =[1.3;3.9]
2019  CEB containing kenaf fibers [0.5;1.5%wt] p =2138 DCS = [3.1;4] A =[1217] - - (31]
¢ =[15.5;19] 6 =[0.93;1.4] :
2019  Banco: adobe reinforced with rice straw p = [1550;1830] DCS = [2.72;4.45] - - - (32]
[0; 37%vt] o =1[0.3;1.05] N
2020  Compacted cement mortar concrete p = [2319;2444] DCS = [31;66] - - A =[3.9;51] (33]
containing laterite [0; 30%wt] and waste o =[3.1;7.9]
glass [0 — 30%wt]
2021  Laterite stabilised with 26 % cement and p = [1650 — 2100] - A =1[0.61;1.8] - - [34]
containing millet pods [0; 6%wt] e = [12;46] E = .
[775;2157]
a = [3;6.25]
2023  CEB stabilised with 8% cement and p =[1692;1932] DCS = [3;5.1] - - Cb = [6.43;22.65] [(35]
containing quackgrass straw [0; 1.5%wt] e = [27;33] WCS = [0.56; 3.85] Ca =[7.1;29.7]
Al/l = [0;16.66] Sy = [1040;2640] Er = [6.6;32.6]
2023  Laterite Adobe made with water from the Al/l = [3.01;4.06%] DCS = [0.97;2.56] - - Cb = [3.44;5.56] (36]
decoction of shea and néré nuts A =[4.34;8.5] )
Er = [2.33;12]
p: density (kgm~3) o: flexural strength (MPa) A: thermal conductivity EMC: Equilibrium Cb: capillary water absorption
&: Water accessible DCS: Dry Compressive Strength (MPa) Wm ik Moisture Content (gem™2)

WCS: Wet Compressive Strength (MPa)
S Structural efficiency (J.kg )

porosity (%)

Al /l: dimensional

variation (mm.m1)
(1077

E: Thermal Effusivity
(J.K l_m 2_5 0.5)

a: thermal diffusivity
m?s1)

(%.kgkg™) Ca: abrasion resistance (cm?.g™1)
A: water absorption (%)

Er: erosion resistance time (mm.h~1)

the development of 75 — 80% of building-related issues [37]. An indoor
environment that is too damp may result in the formation of mould on
walls, as well as discomfort for occupants, including allergies and
breathing difficulties. Additionally, over-consumption of HVAC (heat-
ing, ventilation and air conditioning) systems may occur. Conversely,
the hygroscopic properties of earth materials facilitate enhanced respi-
ratory comfort, dermal humidity, superior indoor air quality and the
mitigation of the deterioration of artefacts and buildings. Furthermore,
they assist in reducing the energy consumption associated with the
humidification or dehumidification of buildings. For instance, following
a 10-month monitoring period of a stabilized rammed earth building,
Allison and Hall [38] demonstrated that this material is able to markedly
reduce the range of variation in the relative humidity of the ambient air.
The numerical simulations conducted in this study demonstrated energy
savings on the humidification and dehumidification load, with a range
of 44.4 to 65.4% depending on the scenario (continuous or intermittent
cooling). [39] also demonstrated, through in situ measurements, the
material’s capacity to attenuate fluctuations in the building’s relative
humidity. The authors primarily attribute this regulatory effect to the
high buffering capacity of the earth envelope and its sorption capacity.
Belarbi et al. [40] have demonstrated the value of considering coupled
heat and moisture transfer through bio-based earthen envelopes in

improving the energy efficiency of buildings. The authors observed an
11.5% reduction, with hygrothermal transfer occurring at the expense of
thermal transfer. Knowing that these transfers depend mainly on the
hygrothermal behaviour of these envelopes, it is therefore necessary to
determine the thermal and hygroscopic properties of the materials from
which they are made. This approach is essential if we are to better assess
the influence of bio-based earth envelopes on the energy performance of
buildings and the hygrothermal comfort of their occupants

This article is devoted to the hygrothermal characterization of a clay
— quackgrass straw eco-material. To achieve this objective, the study
presents the equipment, and the various methods adopted. Then, the
discussion and results of the hygrothermal characterization, along with
simulations of the hygrothermal behavior of the material, are presented.
Finally, the main findings of the study are presented in the last section.

2. Materials and methods
2.1. Clay — quackgrass straw CEBs
Clay - quackgrass straw CEBs were obtained by mixing an earth

matrix (clay + 0/5 granite dust) with 8wt% Portland cement and O to
1.5wt% quackgrass straw. The addition of 0/5 granite dust (around
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36wt%) was necessary to ensure the granulometry and plasticity of the
clay were in accordance with the physical characteristics of a soil matrix
intended for the manufacture of CEBs, as recommended by the standard
XP P 13-901 [28,41]. Cement was incorporated into the soil matrix to
enhance the mechanical properties and durability of the CEBs. The
incorporation of quackgrass straw is attributed to the objective of
enhancing the hygrothermal properties of the material. The use of CEBs
and their physical, mechanical and durability properties have been
presented in [26]. From the study, only CEBs containing 0% (CEBg_o),
0.5% (CEBg_¢s) and 1% (CEBg_1) quackgrass straw can be used in
building envelopes due to their mechanical and durability properties.
Therefore, the present study will only focus on these three formulations.
Table 3 shows the composition and properties of the materials deter-
mined in [35] and required in the present study.

2.2. Thermal characterization of clay — quackgrass straw CEBs

The thermal properties of the composites were measured using the
Hot Disk TPS 500S instrument based on the transient planar source
method as described in ISO 22007-2. In this method, a heat flux
generated by a short electrical pulse in a hot disk probe is sent through
two theoretically identical specimens sandwiching the thermal probe.
This probe, which acts as both a heat source and a temperature sensor, is
used to record temperature changes over a relatively short period of time
(a few seconds) so that the thermal conditions of the external environ-
ment do not affect the measurements (semi-infinite medium
hypothesis).

For this purpose, samples of clay — quackgrass straw with dimensions
of 10 x 10 x 2(cm®) were used for thermal testing with the Hot Disk
5501 Kapton probe and a radius of 6.403mm (Fig. 1). The heating
powers injected by the probe through the samples tested ranged from 60
to 80mW, with measurements lasting between 40 and 80seconds. The
thermal diffusivity (@ = 0.68 mm?.s~!) of a CEB stabilised with 8wt%
cement [42] was utilised to estimate the heat penetration depth at
7.4mm for a minimum edge distance of 20mm between the clay and
quackgrass straw samples. This verifies the semi-infinite medium
hypothesis.

Furthermore, given that the water content is the factor that most
influences the thermal properties of earth materials, the thermal con-
ductivities were measured on samples initially equilibrated in a climatic
chamber at 35°C and 0%RH, 40%RH and 85%RH. At each of these
exposure levels, three pairs of samples per CEB formulation were used,
with measurements repeated three times on each pair. In total, 12 pairs
of quackgrass straw clay samples were used for a series of 36 thermal
measurements for the CEBg_o, the CEBg_¢s, the CEBg_; and the
CEBg_15. The main thermal properties of thermal conductivity and
diffusivity were measured in the transient regime. The analysis method
used is the Hot-Disk post-processing of the curves, which here considers
the material as isotropic [43]. After each measurement, the system was
allowed to rest for about 15 minutes to allow the initial thermal equi-
librium to be restored. The tests were carried out in the laboratory at an
average temperature of 24 + 1°C and a relative humidity of 40 + 5%.

Table 3
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Fig. 1. Hot-disk device for measuring the thermal properties of CEBs.

2.3. Hygric characterization of clay — quackgrass straw CEBs

2.3.1. Sorption test

The sorption isotherms of the clay — quackgrass straw blocks were
obtained using the gravimetric method. This approach was chosen to
limit the duration of the tests. Also, according to Bui et al. [44], pro-
longed exposure (several weeks) of bio-sourced materials to high rela-
tive humidities, as in the case of the saturated salt solution (SSS)
method, can cause deterioration of these materials (mould develop-
ment) and consequently errors in the determination of sorption iso-
therms. For this purpose, two dynamic vapor sorption (DVS)
measurement devices were used in the present study. These were the
DVS Intrinsic from Surface Measurement Systems (Alperton,UK) and the
V-GA2 from InstruQuest, Inc (Boca Raton, USA). The first instrument
was used to determine the sorption isotherms of the main raw materials
(clay and quackgrass straw) and the second instrument was used to
determine the CEBs of clay and quackgrass straw respectively. The
choice of two different measuring devices is justified by the limitations
associated with their use. The DVS only accepts a maximum of 1g of the
material to be tested and is therefore only suitable for materials that are
assumed to be homogeneous, such as clay or quackgrass straw. The
V-GA2, on the other hand, accepts a relatively large amount of material,
i.e. a maximum of 100g, which allows a more representative volume of
heterogeneous samples, such as mixtures of clay and straw, to be placed.
These two instruments had demonstrated good reproducibility in a
previous project (SmartReno) to characterize the sorption isotherm of
some building materials. However, this required the prior calibration of
the balances and the temperature and relative humidity sensors of each
instrument, as well as the definition of a sufficiently stringent threshold
value for the rate of change in mass with time.

To this end, 75mg of clay and 30mg of quackgrass straw were placed

Composition and physico-mechanical properties of clay — quackgrass straw clay CEBs [35].

Samples Composition Physical properties Mechanical properties
wt% clay wt% granite dust 0/5 wt% fibres wt% cement portland Density (kg.m™3) Porosity (%) Dry compressive strength (MPa)
CEBg_o 55.2 36.8 0 8 1932 27.1 5.1
CEBg o5 54.9 36.6 0.5 8 1835 28.35 3.85
CEBg_; 54.6 36.4 1 8 1753 31.35 2.84
CEBg_ 15 54.3 36.2 15 8 1692 33% 1.76
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in the DVS sample pan. The tests began with a drying phase to bring the
sample to an anhydrous state. A variation of relative humidity from 0 to
90% in steps of 15 + 0.5% was imposed for the adsorption phase and
vice versa for the desorption phase. The humidity step change was
conditioned by a mass balance criterion (dm/dt) defined by the weight
change per minute, which had to be less than 0.0003% per 10 minutes.
Equilibrium moisture content (EMC) values were determined using the
last data for each tray. The sorption tests were carried out at a constant
temperature of 35°C, which is about 10°C higher than that generally
found in the literature. The idea was to analyse the hygric behaviour of
the materials under thermal conditions representative of the humid
tropical climate of southern Benin.

In addition, 26g of CEBg —0 and CEBg —1 were tested in V-GA2. To
reduce the duration of the tests by increasing the specific surface area,
the samples were crushed by lightly tapping the block with a hammer
(Fig. 2). The size of the particles obtained was less than 0.3 cm®. The
temperature and HR sequence used to study the sorption of CEBs is
identical to that used for DVS. Due to the number of samples to be tested
and the time constraints, the mass equilibrium criterion was degraded
this time and defined as 0.003% per 40 minutes. This criterion was
refined in a previous study on cob and OSB panels to provide a good
balance between test duration and quality measurement of the sorption
isotherm. But, it will be seen later that this criterion makes it possible to
get close to the EMC but would have deserved to be more demanding.
The test was repeated for each type of material.

The tests lasted an average of one week for each CEB formulation,
compared to about two weeks for the straw and one day for the clay.

2.3.2. Sorption isotherm fitting model

GAB (Guggenheim-Anderson-De Boer) is one of the most widely used
models for fitting sorption isotherms of earthen building materials.
Among others, it has been used by [45] to fit the sorption isotherms of
corncob bioconcrete. The model was also found to be better for fitting
the sorption isotherms of earth materials [46], 20th century clay bricks
[47], earth blocks with agro-aggregates (alfa fibers and sawdust) [48],
and date palm concrete [49]. It was therefore selected as the best model
fit the sorption isotherms of CEBs in clay — quackgrass straw. As such, the
fitted equilibrium moisture contents are determined by Eq. (1).

ajqub u
(1-b.¢)[1+ (q —1).bp.0] "

(€Y

where u is the equilibrium moisture content fitted to a given relative
humidity (kg.kg™1), a; and b; are the fitting parameters of the GAB
model, ¢ is the relative humidity ( — ) and u, is the monomolecular
moisture content (kg.kg’l), i.e. the moisture content required to cover
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the absorbing surface with a layer of water molecules [47]. It can be
determined using Eq. (2).

Scag = Sw.Na IHWN; 2
where Sga3 is the specific surface area of the sample tested (m?), S,, is the
surface area of an adsorbed water molecule (m?), N, is the Avogadro
number (N4 = 6,02.1022 mol™!) and M; is the molar mass of water
M, = 18g.mol’1).

However, given the difficulties in determining the specific surface
area of certain samples, as in the present study (crushed material),
Oumeziane et al. [47] propose Eq. (3) to determine the equilibrium
content fitted with the GAB model.

U= ¢(1 — bj)[l + (aj - 1)bj]
(1-b.¢)[1+ (a4 — 1)b.0]

Usar 3

Where uy, is the moisture content of the saturated mass (kg.kg’1 ), Mair sat
is the mass of the water saturated sample (g) and my is the mass of the
anhydrous sample (g). The model parameters (a; and b;) are determined
by the weighted least squares method.

To assess the accuracy of the models, the coefficient of determination
R? (Eq. 4) and the sum of squares of the RSS residuals (Eq. 5) were
determined. A better model fit is obtained when the R? is close to 1 and
the sum of residuals (RSS) is low.

R2 —1_ Z?:l (uexp, i — Ucal, 1)2 (4)
Z?:] (uexp, i ucal, i)2

RSS = Z?:l (uexp. i — Ueal, i)z (5)

Where uey, and u.y are the experimental and calculated equilibrium
moisture contents respectively, U,,; is the mean of the experimental
equilibrium moisture contents and n is the number of experimental data.

2.3.3. Vapor permeability test

The water vapor permeability of a material reflects its ability to
transfer moisture under a water vapor pressure gradient [50]. The
determination of this property for the different formulations of clay —
quackgrass straw CEBs was carried out using the wet cup technique in
accordance with ISO standard 12572 [51]. For each formulation, three
(3) cylindrical samples with a diameter of 69mm and a thickness of
21mm were used. The side surfaces of the specimens were coated with
epoxy adhesive to prevent any lateral transfer of moisture during the test
and to provide a smooth surface for lateral sealing. After

(b)

Fig. 2. Test to determine sorption isotherms; (a) V-GA2 apparatus; (b) capsule containing crushed CEB.
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preconditioning in a climatic chamber at 35°C and 40% humidity, the
samples were placed on dishes containing a solution of sodium chloride
(NaCl). The samples, whose diameter was approximately equal to the
inner diameter of the beakers (Fig. 3b), were held together and sealed to
the beakers using the PVC-CHA system [52].

The resulting assemblies (Fig. 3c) were placed in a climatic chamber.
Using a solution saturated with sodium chloride (NaCl), a relative hu-
midity of 75% was maintained in the cup (Fig. 3a), resulting in a partial
vapour pressure gradient between the two sides of the same sample
(moisture flow transfer). Each cup was weighed daily on a precision
balance until the moisture flux through the material stabilised. The
water vapour permeability of each sample was then determined using
Eq. (6) that takes into account the resistance vapor diffusion of the air
layer between the sample and the salt solution.

e

TS _e
G Sa

B (6)

where 6 is the water vapor permeability of the sample (kg e m~s~1Pa 1),
e is the thickness of the sample (m), S is the surface area of the sample
exposed to the vapor flow (m?), Ap is the partial vapor pressure differ-
ence across the sample (Pa), G is the flow of water vapor through the
sample (kg.s~1), e, is the thickness of the air layer separating the sample
from the saline solution (here typically e, = 33mm), &, is the diffusion
coefficient of water vapor in air (kgem~'s~'Pa!). In this case, the
estimation of uncertainties was limited to the determination of standard
deviations (type A uncertainty), since the accuracies of the instruments
used are not all known.

The water vapor pressure difference and the water vapor perme-
ability of the air are determined by Eqs. (7) and (8) respectively.

CEB in clay - quackgrass straw

Clamp
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Where HR, and HR; are the relative humidities inside and outside the
cup respectively (%), 6 is the temperature (°C), po is the atmospheric
pressure (pp = 1013,25 hPa), R is the perfect gas constant for water
vapour (R = 462N.M.kg’1.K‘1), T and p are the temperature (K) and
pressure (hPa) during the test respectively.

The vapor diffusion resistance factor (1) of the materials was calcu-
lated from Eq. (9).

Oa

u=e ©

2.4. Simulation of the hygrothermal behavior of CEBs

The properties characterized by the previous tests can be imple-
mented in numerical simulation software for heat and mass transfer used
by thermal design offices to study the hygrothermal performance of a
building envelope (durability, energy consumption, etc.). However, to
ensure that these numerical tools can predict the hygrothermal behavior
of the eco-material used in this study, the models have to be validated
experimentally.

The software used for the measurement-prediction comparison is
Wufi6 (IBP, Fraunhofer Institute, Germany). A description of this tool
can be found in [53].

RH, = 40%

Flow of water vapour

Glass bowl

Inner tube
@ PVC tube
T /— Suction orifice

Saturated NaCl solution

RH, = 75%

Fig. 3. (a) Descriptive diagram of the cup-sample-PVC-CHA assembly; (b) sample not yet sealed on the cup; (c) Cups and sample holding systems.



G. Kiki et al.

The hygrothermal behavior of CEBs made of clay and quackgrass
straw was tested by subjecting the material to variable hygrothermal
conditions at the exchange surfaces and by monitoring changes in
temperature and relative humidity (RH) at the core of the material. The
aim of this test was to approximate some sequences of climatic condi-
tions to which building envelope materials are exposed, and then to
compare measurements and simulations in order to validate the ability
to predict the hygrothermal behavior of these materials.

The experiment consisted of inserting a Hygro-Button from Plug and
Track (Willems, France) into a sample of the material under investiga-
tion to measure changes in temperature within it. A Hygro Button is an
autonomous compact data logger (6mm thick, 16mm of diameter) with
no wired connection designed to monitor RH and temperature. To do
this, two samples of clay — quackgrass straw of the same formulation and
measuring 10 x 10 x 2 cm® were assembled and held together with
aluminum tape (Fig. 4.b). A small pocket was made in the centre of the
contact surface of one of the samples to house a hygro-button (Fig. 4.a).
The samples were preconditioned at 35°C and 40% RH for 36 hours
before the hygro-buttons were applied. The contact surfaces of the two
samples were assumed to be sufficiently flat to ensure perfect contact.
Only formulations CEBg —0 and CEBg —1 were included in these vali-
dation tests. For each of the formulations, two assemblies (samples +
hygro-button) were carried out.

The resulting assemblies were placed in a climate chamber (Memert
HPP 260) where the temperature and humidity scenario shown in Fig. 5
was run. This scenario is identical to that employed in the simulations.
Initially, the temperature and RH were set at 35°C and 40% respectively
for approximately three hours. This was followed by a 15°C increase in
temperature for 17 hours and the RH was maintained at the initial value.
This first phase made it possible to study the thermal behaviour of the
material alone under temperature variation. This was followed by a
simultaneous variation of both parameters, temperature and RH,
reducing the temperature from 50°C to 35°C and increasing the relative
humidity from 40% to 80% for 9 hours. Finally, the temperature was
reduced to 28°C while the humidity was reduced in two steps, to 60%
after 21 hours and then to 50%. The aim of this final stage was to study
moisture transfer within the material under isothermal conditions. A
hygro button was placed in the climate chamber to measure the actual
hygrothermal conditions in the chamber. The time step for recording
was 2 minutes. The changes in temperature and humidity measured in
this way are also shown in Fig. 5. The difference between the conditions
set and those measured in the climatic chamber is sometimes significant.
Regulation overshoot at setpoint changes, cooling difficulties or power
failure at 30 hours are observed in Fig. 5. The hourly averages of tem-
perature and RH measured in the climate chamber are used as input data
for the WUFI simulations.

Statistical indices such as mean bias error (MBE), root mean square
error (RMSE) and coefficient of variation of the root mean square error
(CV(RMSE)), defined by Egs. (10), (11) and (12) respectively, were
calculated to evaluate the accuracy of the simulation results. Simulation
results are considered accurate when the MBE is +10% and the
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CV(RMSE) < 30% using hourly data.

MBE = ZZ (}'sim, i _.Yexp‘i> /Z:}'ex,,,i x 100 (10)

RMSE = \/Z: (ysim. i *}'exp,i)z/n 11)

CV(RMSE) = RMSE / Yexp X 100 (12)

Where n is the number of simulated or experimental data ( — ), Ysim, is
the simulated temperature (°C) or relative humidity (%), yexpiis the
experimental temperature (°C) or RH (%) and yey, is the mean of the
experimental temperature (°C) or relative humidity (%).

3. Results and discussion
3.1. Thermal properties

At the end of the thermal characterisation tests, the thermal con-
ductivity obtained for the control material at 40% relative humidity
(CEBg — 0) is 0.74W.m~1.K~1. This value is lower than 0.8W.m 1.K1,
0.84W.m K1, 085Wm 'K, 096Wm 'K, 1.46Wm 1K,
1.7W.m 1 K~! and 2W.m~!.K~! obtained by [26,54-58] and [27] for the
same types of materials. However, it is higher than the control CEB
thermal conductivities of Zhang et al. [10] (4 = 0.52W.m~'.K-!) and
Laborel Préneron at al. [12] (4 = 0.57W.m !.K1). The observed dis-
crepancies can be attributed to the measurement techniques employed
in each study, the nature of the soils, and the density and porosity of the
CEBs considered. In fact, the denser a material, the fewer pores it con-
tains and therefore the smaller the volume of air that can slow down heat
transfer within it (A = 0.026W.m~1.K~1). As proof of this, Ben Man-
sour et al. [49] have demonstrated the linear relationships existing be-
tween the thermal conductivity, density and porosity of a CEB.
According to this study, for a compaction pressure of between 0.39 and
3.16MPa, the density and porosity of the material vary respectively from
1610 to 2194kg.m~2 and from 41.6 to 21.7%. These variations justify the
increase in thermal conductivity from 0.618 to 1.483W.m~1.K1.

Furthermore, the effect of quackgrass straw on the thermal conduc-
tivity of the soil matrix is shown in Fig. 6. A slight decrease in conduc-
tivity can be observed when the amount of straw incorporated is
between 0 and 1% of the mass of the soil matrix. The values obtained for
CEBg —0,5 and CEBg—1 are 0.72W.m ' K~! and 0.70W.m'K!
respectively, i.e. slight reductions of 2.7% and 5.4%. For similar pro-
portions, Taallah & Guettala [56] obtain a 10.6% reduction in the
thermal conductivity of their CEB with only 0.2% date palm fibre. This
reduction reaches 20% when Ajouguim et al. [58] incorporate 1% Alfa
fibre in the soil matrix. The same is true for Laibi et al. [27], who found a
reduction of around 30% with 1.2% kenaf fibre. Ashour et al. [57] ob-
tained reductions of about 36% when using 1% barley straw and wheat

Fig. 4. (a) Sample with hygro-button; (b) Sample + hygro-button assembly.



G. Kiki et al.

Construction and Building Materials 482 (2025) 141495

90
- - - Setpoint temperature
- - - Setpoint RH

80 1 = W —— Climate chamber temperature
—_ ! RH of the climate chamber
\o 1
=
< 70 4 1
T ! ‘
~ ! ‘
~ |
5 607 S e — -,
e ! |
2 ) '
g 50 - ’r Ve - = - -
e
5 |
.
g 40 1ML o o oo
5 |
= |

30

20 T T T T T T T T T T T T

0 10 20 30 40 50 60 70
Time (h)
Fig. 5. Hygrothermal validation scenario.
1.0

Il D1y samples (0% RH)
Il Samples conditioned at 40% RH
Samples conditioned at 85% RH

0.8

0.7

0.6

Thermal conductivity (W.m™.K™)

0.5 T

0.0 0.5

1.0 1.5

straw content (%)

Fig. 6. Thermal conductivity of CEBs at different relative humidities.

straw, reducing the thermal conductivity of fibre-free blocks from
0.96W.m 1K ! to 0.59W.m 1K1 and 0.62W.m 1.K~!, respectively.
These differences between the literature values and those of the present
study can be explained by the dimensions of the fibres used and their
proportion in relation to the amount of binder, the degree of compaction
and the induced interparticle porosity [59]. It has been established that
the presence of biosourced fibres (which are generally more porous) in
the earth matrix increases the porosity of the material. Depending on
their length, these fibres also encourage the creation of air pockets by
reducing contact between the earth particles, making the materials more
thermally insulating. However, a reorganization of the particles can be
observed as a function of the compacting pressure of the blocks, thus
affecting the pore network and consequently the thermal conductivities
of the materials.

Furthermore, by subjecting the samples to a RH like the average
observed in the humid tropical climate of southern Benin (RHpmoy =
85%), an increase in thermal conductivity is observed for all the for-
mulations. Conductivities of 0.82W.m 1K1, 0.78W.m 1. K1, 0.77W.
m1.K ! and 0.67W.m ! K~! are measured for CEBg — 0, CEBg — 0.5,
CEBg —1 and CEBg —1.5 respectively (Fig. 6). Compared to the thermal
conductivities of CEBs in the anhydrous state, the increases obtained at
85%RH are 22.4%, 16.4%, 18.5% and 15.5% respectively. This can be
explained by a general increase of about 3% in the water content of the
samples as the RH increases from 0% to 85%, water being more
conductive than air (Aeay = 0.595W.m~1.K~1). Despite these increases,
the values obtained are in line with those reported in the literature [54,
55] and are well below the thermal conductivity of conventional con-

crete blocks used in building envelopes (1.7W.m 1.K~'[11]). An
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analysis of the thermal behavior of clay — quackgrass-straw CEBs as a
function of straw and moisture content allows us to confirm that they are
more sensitive to moisture than quackgrass straw. For instance, the
thermal conductivity of CEBg —0 changes by approximately 23% at only
85%RH, compared to an increase of 19% in the presence of 1.5wt%
quackgrass straw. This therefore supports the claim by Costantini
Romero et al. [60] that earthen materials are thermally more sensitive to
moisture.

It appears obvious that the use of quackgrass clay CEBs in the con-
struction of building envelopes would generate a passive enhancement
of thermal comfort through better thermal insulation of building.

Table 4 shows all the thermal properties of the different formulations
of CEB clay — quackgrass straw at 40% relative humidity. From the
analysis of the data in this table, the CEBg —1.5 appears to be the most
suitable material for significantly reducing the energy consumption of
buildings. It has a lower thermal conductivity and therefore the best
ability to limit heat transfer within it. Its slightly higher thermal capacity
and lower thermal diffusivity allows it to slow down the rate of heat
propagation in transient conditions. This gives it good thermal inertia.
However, this formulation cannot be used because its mechanical
properties (low compressive strength) make it unsuitable for use in
building envelopes (DCS < 2MPa) [35]. Therefore,CEBg — 1.5, whose
dry and wet compressive strengths were two low, with 1.76 MPa and
0.56 MPa respectively [35], was not retained. In other words, increasing
the content of plants aggregates in clay matrices improves the thermal
performance of composites at the expense of their mechanical perfor-
mance. This was indeed observed by Ben Mansour et al. [49]. A
compromise between thermal and mechanical performance led the au-
thors to consider CEBg — 1. This result justifies the choice of this
formulation as the only quackgrass straw material to have undergone
the sorption and vapour permeability tests.

Table 4

3.2. Hygric properties

3.2.1. Sorption isotherms Raw materials

Analysis of the plots shows that the equilibrium criterion set for these
tests (dm/dt = 0.0003%/10min) is met, as hygrometric equilibrium is
reached within the materials before any change in humidity. The sorp-
tion results for the two materials (Fig. 8) show that, logically, the
quackgrass straw adsorbs significantly more moisture than the clay. At
90%RH, the corresponding equilibrium moisture content (EMC) of clay
and quackgrass straw is 6.4% and 24.2% respectively. A comparison
with the soil studied by Laborel-Préneron et al. [12] shows that the EMC
reached by the Zogbodomey clay at 90%RH is about three times higher.
However, the dominant presence of kaolinite in Zogbodomey clay
(> 50%) [35] affects the adsorption rate. According to Liuzzi et al. [14],
kaolinite is relatively less sensitive to moisture than other clay minerals
such as montmorillonite and illite. This is confirmed by the work of
Cagnon et al. [13] who, after determining the sorption isotherms of five
clay bricks of different mineralogy, observed that only the brick
composed mainly of kaolinite absorbed half as much moisture as the
other four, composed of a mixture of illite, chlorite and montmorillonite.

As for quackgrass straw, its relatively high EMC reflects the hygro-
scopic nature of the material. Based on the literature consulted, the EMC
at 90%RH of quackgrass straw (24.2%) appears to be higher than that of
other plant aggregates. For instance, in sorption tests carried out at 25°C
at DVS by Hill et al. [61], the moisture contents at 90%RH of jute, coir,
flax, Sitka spruce, hemp and cotton fibres are approximately 20, 22, 16,
19.5, 19 and 12% respectively. These contents are 19% for hemp chips,
23% for corn on the cob and 22% for barley straw at 90%RH and 23°C
[12]. For the latter aggregate, Bui et al. [44] analyzed the sorption
isotherms of the material obtained by the saturated salt solution (SSS)
and DVS methods. They concluded that both approaches gave similar

Thermal properties of different formulations of CEB clay - quackgrass straw at 40% relative humidity.

Sample p (kg.m™3) DCM (MPa) A (WmlKh a (mm?s!) C, (Jkg'KhH E (WK '1m 2509
CEBg — 0 1932+ 6 51+05 0.74 £ 0,02 0.59+0,08 633 + 34 951 + 88

CEBg — 0.5 1835+3 3.85+1,1 0.72+0,02 0.60+0,11 682+ 16 952 +124

CEBg — 1 1753 +7 2.84+0,9 0.70 £ 0,03 0.57 £0,07 729 + 64 962 + 58

CEBg — 1.5 1692 +5 1.76 £ 0,2 0.60 + 0,04 0.61+0,19 785+9 942 + 48
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Fig. 8. Sorption isotherms at 35°C for clay and quackgrass straw.

sorption isotherms, with an equilibrium moisture content of 20% at 90%
RH and 23°C. Whilst it is true that the comparative data were obtained at
temperatures approximately 10°C lower than that used in the present
study (35°C), it should be noted that increasing temperature reduces the
adsorption rate of bio-based materials [62]. It can therefore be
concluded that quackgrass straw is more hygroscopic than most
bio-based materials incorporated into soil matrices. Therefore, incor-
poration of quackgrass straw into the soil matrix should improve the

sorption capacity of the material.

The hysteresis between the adsorption and desorption curves is
present for both materials, but remains very low, < 2% at most in the
central part (between 40% and 75%RH).

< CEB clay - quackgrass straw

According to the results of the thermal characterization, CEBg —1

3
—— CEB-0 adsorption curve )
—=— CEB-1 adsorption curve .
. ’
4~ # - CEB-0 desorption curve ’
. Y/
- & - CEB-1 desorption curve £
, 7’
/7
2 ’ ’
¥ of
@ - g 7 ’
< _* - . ’
Lu - P -
4 /* - - -
14 - -
7’ -
b Pl
-
] 4
, 7’
7’
’
0 . I . I . : : :
0 20 40 60 80 100

Relative Humidity (%)

Fig. 9. Sorption curves for CEBg —0 and CEBg — 1.
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was found to be the most effective formulation given the thermo-
mechanical constraints (Fig. 7). For this reason, the determination of
sorption isotherms was mainly focused on CEBg — 1. However, to assess
the influence of quackgrass straw on the sorption capacity of the soil
matrix, the sorption isotherms of CEBg —0 were also determined.

It should be noted that it would be necessary to tighten the equi-
librium criterion below 0.003%/40 min. The shapes of the mass curves
have showed that the samples clearly do not reach mass equilibrium at
the end of each RH step (Appendix A). This is particularly noticeable
when the RH is above 40%, where an error occurs in the estimation of
the asymptotic mass at each RH step. Fig. 9 shows the sorption curves,
which can only be considered as very approximate since the equilibrium
criterion is not sufficiently demanding. This may have led to an under-
estimation of the true hygroscopicity of the material. It is also observed
that the EMC at the end of the adsorption-desorption cycle has an irre-
versible dynamic with an offset due to chemisorption phenomena during
the cycle. This has been observed by Nils Frantz [59] for hemp-lime
concretes in tests lasting several months. The lack of equilibrium in
certain compositions was attributed to the binder, which certainly had
not completed all the setting reactions in the concrete due to insufficient
water during production. During adsorption, high moisture levels can
trigger delayed reactions with concrete, leading to progressive mass
fixation. Nils Frantz [59] observed that the offset is more or less pro-
nounced depending on the intensity of compaction and the bind-
er/particle ratio chosen during production, as they influence the
availability of water to the binder and the migration of water through
the inter- and intra- binder/particles. Other studies on hemp concrete
[63,64] confirm the presence of hysteresis phenomena, with an irre-
versible mass gain during adsorption, resulting in an offset during
desorption.

The adsorption curves for the two formulations correspond to a Type
II isotherm according to the IUPAC classification. This classification
provides information on the macroporous structure of the blocks.
Further analysis of the sorption curves reveals the EMC of the samples
over a RH range of 0 — 60%. The maximum content reached in this
range is 0.93% for CEBg —0 and 1.03% for CEBs — 1. However, beyond
this range, the equilibrium moisture contents of the samples change
rapidly, doubling or even tripling at only 88%RH. This behavior of the
materials may be due to the binder not having fully reacted as discussed
above, but also to the analysis of Hansen et al. [65] that earthen mate-
rials absorb much more moisture at high RH, generally above 90%.

Thus, at 88%RH, the equilibrium moisture content of the CEBg —0 is
2.92%, less than half the initial EMC of the bulk clay. Such a reduction in
the sorption capacity of the blocks can be justified by the replacement of
a large proportion (around 36wt%) of the clay by a material with very
low hygroscopicity (0/5 granite dust). The addition of cement is also a
significant cause. According to Saidi et al. [66], the use of chemical
stabilisers in earth materials reduces their adsorptive capacity. The au-
thors showed that the EMCgyy9, of their CEBs decreases from 5.69 to 3.7%
when the cement content increases from 0 to 12%. The EMC obtained by
the authors at 88%RH with 0% and 8% cement are 4.5% and 3.4%
respectively. Still with 8% cement and at 88%RH, McGregor et al. [67]
observed a 22% reduction in EMC compared to unstabilised earth
blocks. In these two studies a similar behaviour of the materials was
observed in the presence of lime. In some of the works consulted, the
EMCs determined for earth materials are higher than those for CEBg —0
[57,66]. In addition to the influence of the 0/5 granite dust, these dis-
crepancies may again be related to the temperature difference between
the sorption tests. As with the raw materials, the sorption isotherms of
CEBg —0 and CEBg —1 were determined at 35°C, whereas this temper-
ature generally varies from 23 to 25°C in the literature; this may partly
explains the lower values obtained with the clay — quackgrass straw
blocks. Furthermore, Daian [68] states that the EMC of building mate-
rials decreases with increasing temperature. In this sense, Ashour et al.
[57] observed a 16% decrease in the average EMC of their clay blocks
when the temperature increased from 10 to 40°C. The authors were also
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interested in the influence of plant fibers on the sorption dynamics of
CEBs. At 40°C, a general increase in the EMCy,,, was observed after the
addition of 1% and 3% wheat straw. In contrast, for the same levels of
barley straw, the EMC decreased by 2.4% and increased by 3.8%,
respectively. Less similar behavior was observed with CEBg — 1.
Indeed, in the RH interval [0%, 60%], the EMC of the soil matrix
increases by about 13% after the addition of 1% quackgrass straw.
Beyond this interval, however, there is a change in trend. The EMC of
CEBg —1 decreases by 12.77%, resulting in a moisture content of 2.92%
for the CEBg —0 compared to 2.57% for the CEBg — 1. However, a more
detailed analysis of this trend is difficult due to the insufficiently
demanding balance criterion. In addition, the offset after one sorption
cycle observed at 0%RH for CEBg —O0 is relatively larger than that for
CEBg —1 (Fig. 9).The concrete setting reactions would be more advanced
for the CEBg —1 composition, possibly due to the moisture input from
the plant fibres. However, again, further analysis would be required to
better identify the cause and with a more demanding balance criterion.

3.2.2. Fitting of CEB Sorption Isotherms

Fig. 10 shows the fitting of the sorption isotherms of CEBg —0 and
CEBg —1 with the GAB model. The coefficients a; and b; used for this
purpose are shown in Table 5. In the same table the statistical indices of
the model accuracy are shown. In general, a good fit of the sorption
isotherms was observed. The desorption curve was not analysed with the
GAB model because of the observed offset and the chemisorption phe-
nomena observed during the adsorption-desorption cycle. The co-
efficients of determination (R?) and the residual sums of squares (RSS)
vary from 0.97 and 1.24.107° to 1.451.107° respectively. This demon-
strates the good ability of the GAB model to predict the adsorption
behaviour of CEBs in clay — quackgrass straw. These values are close to
the fitting results described as excellent by [48], for which the statistical
accuracy indices R? and RSS are of the order of 0.999 and 0.848.1075,
respectively.

The theoretical equilibrium moisture contents obtained with this
model at 95%RH are 5.1% and 5.5% for CEBg —0 and CEBg —1 respec-
tively. From 88%RH to 95%RH, a clear improvement in the sorption
capacity of CEBs can be observed, confirming the very good sorption
capacity of earthen materials in environments with high RH. In addition,
the use of clay — quackgrass straw CEBs in a humid tropical climate such
as that of southern Benin would therefore contribute to the passive
control of humidity in buildings, thus improving energy efficiency by
reduction of dehumidification loads and maintaining the hygrothermal
comfort of the occupants.

3.2.3. Water vapor permeability

The values obtained for the water vapor permeability using the cup
method are 0.92 x 10~ 'kg.m*.s~!.Pa~! and 1.16 x 10~ ''kg.m 1.5~
Pa! respectively for quackgrass straw contents of 0 and 1wt%. These
values are relatively low for soil materials. However, they can be
explained by the presence of 36wt% 0/5 granite dust in the soil matrix,
which reduces its porosity. This hypothesis is supported by the work of
Jraba et al. [69], who obtained vapour permeabilities ranging from
1.01 x 107! to 1.15x 107''kg.m~!.s"1.Pa~! with CEBs of similar
composition (70wt% soil, 30wt% crushed sand and 0 to 1wt% Posidonia
fibres). However, the influence of the cement on the permeability values
obtained cannot be neglected. In fact, [70] states that the addition of
cement to earthen materials makes them denser, with a consequent
reduction in their vapour permeability. There are differing opinions in
the literature on this point. For example, vapour permeability tests
carried out by [14] on unstabilised earth materials of different miner-
alogical composition and those stabilised with 5% lime show opposite
trends. For some samples, the permeability decreases from 2.2 x 10~11
to 2.08 x 10~''kg.m~1.s~1.Pa~! with the incorporation of lime, while

for others it increases from 2.12 x 10! to 2.41 x 107 'kg.m1.s7!.

Pa! and from 1.7x107'' to 205x 10 ''kgml.s'Pa’l,
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Fig. 10. Adjusted adsorption isotherms for CEBg —0 and CEBg — 1.

Table 5
Parameters used to fit adsorption isotherms with the GAB model.

GAB model parameter Statistical parameters precision

Adsorption aj b; R? RSS (.107°)
CEBg — 0 0,99865 719, 38461 0,97437 1,45112
CEBg — 1 0,90812 10,65041 0,97166 1,2453

respectively. In the tests by McGregor et al. [67], the water vapor
permeability developed in the opposite direction to the chemical binder
content (cement and lime). In addition, it can be seen that the incor-
poration of 1% quackgrass straw (a porous material) improves the
permeability of CEBg —0 by about 20%.

The corresponding vapor diffusion resistance factors (u) orrespond-
ing to CEBg —0 and CEBg —1 are 21.8 and 17.4 respectively. Although
the u of the CEBs for clay — quackgrass straw are in the same order of
magnitude as those of [69] (18.74 to 15.64), they are relatively higher
than those obtained for certain biocomposite earth materials in the
literature consulted. This is the case of Laborel-Préneron et al. [12], who
obtain resistance factors between 4.8 and 7. These factors range from 5.5
to 8.8 and from 7 to 8 respectively for the CEBs used by McGregor et al.
[67] and Touré et al. [71].

3.3. Hygrothermal behavior of CEBs

3.3.1. Experimental results

Figs. 11a and 11b show the evolution of temperature and RH within
the materials. It should be noted that hygrothermal behavior of the
tested samples was nearly identical for the same formulations. The slight
discrepancies are within the measurement uncertainty of the hygro-
buttons. Therefore, for each formulation only one sample is represented.

To facilitate the comparison between the hygrothermal behavior of
CEBg —0 and CEBg —1 and later with simulations, the hourly averages of
the measurements have been used in Fig. 11. Both types of samples have
almost identical thermal behaviour (Fig. 11a). This is due in part to the
small difference between the thermal conductivities of the two materials
(around 6%) at both 40%RH and 85%RH. However, despite the small
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variation in moisture sorption and vapour permeability properties be-
tween the materials as a function of straw content, the CEBg —1 is more
sensitive to moisture variations (Fig. 11b). When the RH in the chamber
is suddenly increased at 20 h from 40% to 80%, the RH at core of
CEBg —1 increases from 40% to 54% in 14 hours, while that of CEBg —0
increases from 39% to 48% in the same period. This difference of about
5%RH cannot be attributed to the accuracy of the hygrometers, since
their reliability was proven at the beginning of the experiment (similar
hygric behaviour of the samples at 40%RH). There is also a time lag of
about 2 hours at the start of the RH increase in the two samples. In
addition, the change from 80% to 60% RH in the chamber at around
30 h induces a change in the slope of the increase in RH at core, again
with a time lag. At the final stage, around 50 h, the 10% loss of RH in the
climatic chamber caused a slight drop in RH in CEBg — 1. It therefore
seems clear that the presence of Chindent straw in the soil matrix pro-
motes the material’s reactivity to moisture. This could be an advantage
for the passive control of the RH of indoor environments.

3.3.2. Comparison of simulations results and measurements

Figs. 11a and 11b compare the measured and simulated temperature
and humidity trends within CEBs —0 and CEBg —1 respectively. The time
constant of the temperature change at core is faster for the measurement
than for the simulation (Fig. 11a). In fact, the geometry of our samples
certainly does not allow to be in a one-dimensional heat transfer
configuration along the thickness, as assumed by the Wufi software.
Overall, a good agreement between the simulated and measured data
can be observed. This is demonstrated by the fact that the calculated
statistical indices are relatively close to 0 (Table 6). The mean bias errors
(MBE) for the CEBg —0 are 0.95% for temperature and — 0.36% for RH.
These values are 0.36% and 1.96% respectively for the CEBg — 1. As for
the root mean square error (CV(RMSE)), they vary between 2.54% and
2.76%. All these values are well below the recommended thresholds
(+10 for MBE and 30% for CV(RMSE)), which demonstrate the accuracy
of the simulation results. All this confirms the reliability of the hygro-
thermal properties of the clay — quackgrass straw CEBs determined
above and of the good ability of the WUFI software to simulate the
hygrothermal behaviour of the materials of this work.
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Fig. 11. Comparison between experimental and simulated behavior of CEBg —0 and CEBg —1 (a) temperature; (b) RH.

Table 6
Statistical indices for the comparison measurements simulations results.
Statistical index CEBg — 0 CEBg — 1
Temperature RH Temperature RH
MBE (%) 0.95 - 0.36 0.36 1.96
RMSE 0.96 1.15 0.96 1.21
CV(RMSE) (%) 2.76 2.56 2.75 2.54

4. Conclusion

This paper investigates the hygrothermal properties of compressed
earth blocks made of clay and quackgrass straw. The material consists of
an earth matrix (clay + 0/5 granite dust), 8wt% cement and 0 to 1.5wt%
quackgrass straw in increments of 0.5. Thermal characterisation tests
carried out on the materials (CEBg — 0, CEBg — 0.5, CEBg — 1, and
CEBg — 1.5) in the present paper showed a decrease in thermal con-
ductivity at different relative humidities with increasing quackgrass
straw content. The oven-dry conductivities obtained for these four for-
mulations range from 0.58 to 0.67W.m 1. K~!. At 40%RH, these values
increase and are in the range of 0.6 to 0.74W.m ' K~! and then 0.67 to
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0.82W.m~1.K~! at 85%RH. A comparison between the contents of straw
and moisture reveals that moisture has a greater effect on thermal
conductivity, both moving in the same direction. However, the thermal
conductivities obtained remain lower than those of conventional ma-
terials. In addition, since the improvement in the thermal properties of
clay-couch grass straw CEBs is at the expense of their mechanical
properties, the results show that the addition of 1 % quackgrass straw to
the clay matrix (CEBg — 1) represents a good compromise.

Furthermore, the hygric characterization of these materials revealed
an equilibrium moisture content of 2.92% at 88%RH at 35°C for CEBg —
0, followed by a vapor permeability of 1.16 x 10~''kg.m~'.s~!.Pa~".
These values are 2.57% and 0.92 x 10~"'kg.m~'.s~*.Pa~! respectively
for CEBg — 1. Taken together, these results demonstrate the ability of
clay - quackgrass straw CEBs to improve the energy performance of
buildings and the hygrothermal comfort of occupants through better
thermal insulation of the envelope and passive control of indoor hu-
midity.

In addition, the heat transfer experiments conducted on CEBg —0 and
CEBg —1 demonstrate analogous thermal behaviour between the two
material types. However, a greater sensitivity to variations in relative
humidity is obvious in CEBg — 1, likely attributable to the incorporation
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of quackgrass straw. In comparison with the results of the simulations
performed in Wufi, a similarity between the experimental data and the
simulated data is apparent. The minor discrepancies observed, particu-
larly between the experimental and simulated moisture profiles, can be
attributed not only to the precision of the hygro-buttons, but also to the
limitations of the simulation. These include the assumption of homo-
geneity of the clay — quackgrass straw CEBs, the unidirectional transfer
of heat and moisture through the material’s thickness, and the fact that
the experimental desorption isotherms were not considered in the
simulation model. Despite this, it can be concluded that the Wufi soft-
ware captures the transient hygrothermal behaviour of quackgrass straw
CEBs with a reasonable degree of accuracy. This provides a solid foun-
dation for simulating the hygrothermal behaviour of the material at
building scale and for assessing its energy performance.
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Figure A.1 shows the sequence of relative humidity applied and sample mass change for DVS-intrinsic (a) and V-GA2 (b). The mass rate at the end
of each RH step shows a constrasting equilibrium criterion, 0.0003%/10min for the first and 0.003% / 40 min for the second apparatus. The example
shows the mass evolution for clay (a) and for the formulation CEBg — 1.
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