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ARTICLE INFO ABSTRACT
Keywords: This study focuses on the drying kinetics of cob and light-earth layers comprising a hybrid walling
Drying kinetics system. Volumetric water content sensors are immersed and placed at different positions on the

Hygrothermal properties
Cob

Light-earth

Water content

Thermal conductivity

walls of a building to measure the drying kinetics. In addition, an experimental analysis of the
effect of temperature, relative humidity (RH), and wind velocity variations on thermal conduc-
tivity in a climatic chamber under winter and summer conditions was conducted. The analysis of
samples in laboratory aims to investigate the hygrothermal properties of cob and light-earth
materials, and their dependency on the aforementioned parameters. The in situ drying kinetics
of both materials involves water content reduction and stabilization; however, in the laboratory,
although the water content of materials decreases, the drying is incomplete. Which may be due to
the limited wind speed. The hydrothermal properties show that open porosity affects water vapor
permeability and modifies the RH of cob and light-earth. At 23 °C, when the relative humidity
(RH) range was 10-30%, the absorbed water vapor of cob and light earth was 0-2%. However,
when the RH is 40-90%, the absorbed water vapor of light earth (2-9%) exceeds that of cob
(0.5-2%). Moreover, the response to relative humidity (RH) with regard to the mixing law of
components and samples differs. The resistance factor to water vapor diffusion values for cob and
light-earth are 12.9 and 8.2, respectively. In this study, the thermal conductivity measurements
under summer and winter conditions provide the relationship between the thermal conductivity,
density, and water content of cob and light-earth materials.

Abbreviations: d,, air layer thickness (m); E, sample thickness (m); g, vapor flux density (kg-m’zas’l); t, time (s); A, sample exposed area (m3); G,

water vapor flux (kgos’l); Wi, liquidity limit (%); I,,, plasticity index (%); MBV, methylene blue value (g/100 g); M.,;;, mass of saturated sample in
air (kg); My, mass of saturated sample in non-wetting oil (kg); Mgy, mass of dry sample (kg); M;, total mass (kg); Wy,, water content mass by mass
(%); Wowe, optimum water content (%); Wapsorption, absorption coefficient (%); RH, relative humidity (%); W, water vapor permeance (kg.
m 2es lePa~!); W,, corrected water vapor permeance (kg.m Zes 'ePa~l); Z,, air layer water vapor resistance (m2s. Pa/kg); Z, water vapor
resistance (mZes ePa/kg); AP,, difference in water vapor partial pressure (Pa); 5, sample water vapor permeability (kgem ‘es lePa™1); 5,, water
vapor permeability of air (kgem 'es 'ePa~!); u, water vapor resistance factor (-); @, diameter of cylindrical samples (mm); H, height of cylindrical
samples (mm); papsolutes absolute density (kg/ms); p, bulk density (kg/m3); Ydmax> Maximum dry density (kg/m3); @, open porosity (%); A, thermal
conductivity (W~m’1~K’1); T, temperature (°C).
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1. Introduction

The term “building material” refers to any material used in construction work. Different types of materials have been used in
construction, and among the oldest in the world are earth-based materials containing bio-aggregates. Today, one-third of the world’s
population continues to reside in earth housings; half of these dwellings are found in developing countries [1]. These materials are
relevant in the field of construction because of their low environmental impact and carbon footprint.

Earth-based materials are made from natural raw materials, mainly from local soils and agricultural products. Similarly, raw earth
is local resource with an extremely low embodied energy [2]. It requires simple in situ production processes [3,4] and exhibits a wide
variety of advantageous properties, rendering it ecologic in nature and non-polluting. It can also contribute to the temperature and
moisture control in buildings [5]. Earth-based construction has many forms, including adobes, compressed earth bricks, rammed earth,
and cobs. In this regard, cob building contain bio-aggregates is a traditional technique that has been implemented worldwide under
various climates [6].

One of the major advantages of earth-based materials is their hygroscopic nature. This characteristic is particularly relevant when
considering the potential harmful effects of humid environments on human health [7]. Humid environments can also damage
buildings in terms of accelerated aging [8-10]. Furthermore, Moisture reduce the thermal performance of materials, but if you use
hygroscopic materials your aim is to have them absorbing moisture to make the environment more comfortable [10,11]. At present,
earthen construction remains the most widely used construction technique in the world.

The research on bio-based and earth-based materials is typically focused on mechanical performance [12-17,35], durability [18,
19], and shrinkage [20-22]. However, these materials offer other benefits that are important to study, specifically those related to
hygrothermal properties and thermal performance.

In recent years, researchers have been interested in hygrothermal properties. They have conducted experimental studies to
compare the thermal conductivity values of earth-based materials [23-29]. The study of the water vapor permeability of earth-based
materials has been extremely limited. Although research on hygrothermal properties has been implemented [24,30,31], few studies
have been conducted on the hygrothermal properties of cob and light-earth. The water vapor resistance factor (j) and thermal con-
ductivity (1) of different earth-based materials are listed in Table 1.

The thermal conductivity range of cob is 0.45-0.93 Wem leK ! [1,34], and that of light-earth is 0.11-0.14 Wem oK ! [16,34]
depending on the porosity, density, nature of fibers, and water content. Nevertheless, knowledge of a single characteristic may not be
sufficient to represent the hydrothermal behavior and thermal performance of a material. Temperature [36] and moisture content due
to hygroscopic behavior [37] are known to impact the thermal properties of materials during the variation in the climatic boundary
conditions. Numerous pores of materials are filled with water and air that can increase or decrease the thermal conductivity, resulting
in the presence of three phases: solid matrix, air, and water. In addition, the competition among the effects of these phases determines
the effective thermal properties of earth-based materials [11]. Hence, open porosity must be investigated to understand its impact on
hygrothermal properties [38]. To accomplish this goal, an EU Interreg project called CobBauge was conducted. This project focuses on
developing, testing, and establishing new low-carbon materials using local soil and vegetal fibers.

This study investigates the effect of temperature and relative humidity (RH) variations on drying kinetics and thermal conductivity
cob and light-earth building materials, under winter and summer conditions using a climatic chamber simulation. Also, in situ studies
of drying kinetics (in cob and light earth constituting the walls of a CobBauge prototype building) will be undertaken. This will help in
understanding the drying process in such constructions. Moreover, the study compares the observations in this chamber with data
obtained in situ. Also, an experimental procedure was implemented to investigate the hygrothermal properties of the cob and light-
earth building materials used in the construction of the prototype structure [39,40]. (Fig. 1).

This paper is articulated in five sections.

1. Introduction of the study;

2. Materials and methods adopted in the experimental investigation;

3. Results and discussions;

4. Literature comparison;

5. Conclusion.

Table 1

Water vapor resistance factor () and thermal conductivity (1) reported in literature.
Authors Material Dry density (kg.m™%) 1 A (W-m LK)

O]

Allinson et al.[30] Rammed earth 1900 14.34 0.643
Cagnon et al.[24] Earth bricks 1940-2070 7-9 0.40-0.69
Liuzzi et al.[23] Hydrated lime-stabilized clay composites 1829-2046 8.10-11.10 0.74-1.2
Colinart et al.[28] Light-earth 190-353 2.24-4.14 0.06-0.12
Labat et al.[5] Light-earth 241-531 4.8 0.07-0.12
Volhard[32] Light-earth 300-1200 2-5 0.1-0.47
Niang et al.[33] Typha—clay composite 323-586 3.75-7.06 0.065-0.112
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2. Materials and methods

In situ and in laboratory experimental program developed in this research paper are summarized in Fig. 2, with Cob and light earth
materials.

2.1. Raw earth

Classical geotechnical characterization was performed on three soil samples collected from Normandy. Clay was evaluated ac-
cording to the methylene blue value test (NF P94-068) [41] and Atterberg’s limit (NF EN ISO 17892-12) [42].

The characteristics obtained using the foregoing tests enabled the classification of soils using the NF P11-300 standard [43] ( See
Table 2).

The specific density was evaluated using a helium pycnometer (Accupyc II 1340) according to ISO standard 17892-3 [44].

The particle size distribution was evaluated by mechanical wet-sieving for particles exceeding 80 um according to the XP P94-041
standard [45] (Fig. 3) and by laser granulometry for particles less than 80 pm according to ISO standard 13320 [46].

The results of the standard Proctor compaction test [47] for the three soils are shown in Fig. 4. The figure indicates that the
maximum dry density (yYdmax) and optimum water content (Wqywc) of soil 2 are 1827 kg/m3 and 14%, respectively, and those of soil 3
are 1771 kg/m? and 15.83%, respectively. However, the dry density and optimum water content of soil 1, 2034 kg/m> and 9.7%, are
higher and lower than those of the two soils previously mentioned, respectively.

2.2. Vegetal fibers

Two fibers were tested in this work: flax straw and reed fibers (maximum length: 6 cm). To measure their quantitative lengths,
Image J software, (Fig. 5) was used. A digital image of fibers is composed of pixels. One of the first classical operations is therefore to
convert the size of the pixels into physical length. Which also allows automatic detection and analysis of the real length of (50) fibers.

After drying and stabilization, the specific density of the fibers was determined using a helium pycnometer (Accupyc II 1340) [44],
and the water absorption capacity was measured according to the RILEM protocol [49]. The fiber properties are listed in Table 3.
Results presented in this table represent an average of three measurements.

After 24 h, the water absorption capacities of the flax straw and reed fibers were 350% and 198% compared to dry weight,
respectively. The water absorption capacity of these fibers influences the mix properties in the long-term (hygrometric balance) and
fresh states of cob and light earth materials.

2.3. Mixes and sample preparations

Experiments were performed on earth-based materials consisting of mixes of earth, water, and vegetal fibers. Before the prepa-
ration of cob and light-earth samples, the soils were screened through a 20-mm sieve according to the NF P94-093 standard [13]. Then,
the soils and vegetal fibers were dried in an oven heated to 40 °C [50]. Cob material was obtained by mixing silty clay, sandy silt, and
flax straw with an initial mass water content of 20%. The cob was rested for 24 h before the samples were prepared, to allow the
moisture content to be evenly spread throughout the sample. Light-earth material was obtained by mixing elastic silt and reed fiber
with an initial mass water content of 90%. The mix formulations are summarized in.

Table 4. To achieve the objectives of the study, three cylindrical (110 mm x H220 mm) and four prismatic (300 x 300 x 70 mm)
samples were prepared (Fig. 6) by normal proctor compaction (NF P94-093) [13] using 0.6 and 0.2 MJ/m? for cob and light-earth,

Investigation of Cob and Light Earth Caraterization of materials }— Mix design
Three soil Cob
Two fibers Light earth

Hygrothermal properties ]— Drying Kinetic evaluation ]—[ Experimental program

Thermal conductivity In situ: Prototype building Drying kinetic

Sorption isotherm In laboraotry: Samples in climatic rooms Sensors, Weather station, Climatic rooms

Water vapor permeability Hygrothermal properties

Open porosity
Heat Flow Meter (HFM),ProUmid SPSx-1p
sorption/desorption analyzer,Climatic room,
Desiccator

Fig. 1. Structure of research paper.
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Fig. 2. Experimental program.

Table 2
Soils properties.

Soils Soil 1 Soil 2 Soil 3

Liquidity limit (%) 22.8 28.5 57.4

Plasticity index (%) 2.3 4.2 14.9

Methylene blue value (g/100 g) 0.46 1.78 6.49

Particles < 80 pum (%) 20 90 80

Pspecific (kg/mg) 2603 +1 2671 + 2 2567 +£1

Nature of soil (NF P11-300) Low-plasticity silt Fine clay sand Highly plastic clay
respectively.

After compaction, the cylindrical samples were maintained at 20 & 2 °C and 50 + 5% RH for 1 d and then dried at 40 + 2 °C [36]
until equilibrium was attained (three consecutive weights were obtained at 24-h intervals with a standard deviation of 1%). Bulk
density was determined according to the NF X31-501 standard [51]. The prismatic samples were placed in climatic chambers at
different temperatures and relative humidities (Fig. 6).

2.4. In situ weather station and laboratory “climatic chamber” investigation

A weather station (WS-GP1) is installed near a 20-m? the prototype building CobBauge (cob and light earth dual-layer wall)
prototype building in Normandy (France) (See Fig. 7). It determines the influence of outdoor environment during the construction and
service life of the building. The WS-GP1 automatic weather station is equipped with sensors for measurements on the following pa-
rameters: wind velocity and direction, rainfall, solar radiation, relative humidity, and air temperature. The system comes complete
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Fig. 4. Standard Proctor compaction curve for soils [48].

with the GP1 data logger and a 2-meter tripod mast. The sensors are reliable and suitable for use in extreme environments. The internal
battery provides 6 months of operation (typical, for an alkaline battery), with 15 min sampling interval measurement.

The average temperature and RH in winter and summer were measured by the weather station (Table 5 and Fig. 8). The daily mean
values of RH and temperature were calculated based on the hourly data obtained from weather station.

The goal is investigated the both materials in two climatic chambers based on the reproduction of three parameters: mean tem-
perature, mean relative humidity of the weather station under winter and summer conditions and wind speed. The dimensions of these
climatic chambers are: Hight: 3.75 m, Depth: 5.09 m and width: 3.65 m, which represents a volume of 69 m°, they can provide
temperatures from — 15 °C to + 40 °C ( £ 0.1 °C), relative humidity from 10% to 95% ( + 5%) and wind speed of 0.3 mes L.

2.5. Wall moisture monitoring

Techniques based on the knowledge of dielectric permittivity are typically used to control the water content in soils. The dielectric
permittivity property is highly dependent on the water content of a material.

To determine the water content, in situ methods based on the principle of reflectometry are preferred because of their robustness
and ease of use. In this study, Campbell Scientific CS655 sensors based on the reflectometry principle were employed to measure the
volumetric water content (VWC) locally. This type of sensor has already been proven to be effective in measuring the water content of
soil-based materials [52,53]; its accuracy is & 3% ( & 1% with soil-specific calibration). To monitor the moisture contents of cob and
light-earth layers comprising a wall, the sensors are placed at same height and depth in the materials (Fig. 9). The CS 655 sensors were
placed horizontally to ensure better contact between the mixtures and rods as well as to facilitate implementation. The probes were
positioned parallel to the wall surfaces at two different heights, 25 and 50 c¢m, from the base of the lift. The data collected by the CS 655
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Fig. 5. Quantitative lengths of fibers: (A) flax straw and (B) reed fibers.

Table 3
Vegetal fiber properties.
Fibers Flax straw Reed
Wabsorption at 24 h (%) 350 £11 198 + 4
Pspecific (kg/m®) 1266 + 55 1305 + 11
Table 4
Mix formulations.
Cob Light-earth
Soil 1 Soil 2 Flax straw fiber Soil 3 Reed fiber
(wt%) (wt%) (wWt%) (Wt%) (wWt%)
32.5% 65% 2.5% 65% 35%

sensors were stored in the CR1000X data logger every 15 min for more than one year (from 05/2020-11/2021).

2.6. Experimental characterization of the samples

To investigate the hygrothermal properties of materials, analyzing their interactions with water vapor is essential. Two types of
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Fig. 7. Prototype building in Normandy (France).

Table 5
Winter and summer conditions in weather station and climatic chamber.
Winter Summer
Weather station Period From 01/14/2020-02/29/2020 From 06/01/2021-08/25/2021
Parameters Temperature (°C) RH (%) Temperature (°C) RH (%)
Mean 5 80 20 80
Wind speed 1.62 mes™! 0.9 mes™!
Climatic chamber Period 3 months 3 months
Parameters Temperature (°C) RH (%) Temperature (°C) RH (%)
Mean 5+2 80+5 20+ 2 80+5
Wind speed 0.3 mes ™! 0.3 mes ™!
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Fig. 9. Water content sensors in cob and light-earth layers.

tests were employed for the cob and light-earth materials: equilibrium water content using the dynamic vapor sorption (DVS) tech-

nique [54] and vapor permeability using the dry cup method [55]. Open porosity must also be measured to understand its impact on
hygrothermal properties [38].

2.6.1. Sorption isotherm

The DVS technique was used to analyze the interaction between the material and water vapor. Three samples consisting of different
soils, fibers, and mixes were analyzed. The sorption isotherms of these raw materials were studied according to the ISO 12571 standard
[54]. Before the adsorption analysis was implemented, the samples were dried at 40 & 2 °C [56] until reaching equilibrium (three
consecutive weights at 24 h intervals within a standard deviation of 1%). Then, the ProUmid SPSx-1p sorption/desorption system was

utilized. The samples were exposed to 10-90% RH in five stages (25%, 40%, 50%, 70% and 90%) while maintaining the test tem-
perature at 23 °C.

2.6.2. Water vapor permeability

To investigate the capacity of the material to allow vapor to pass through, water vapor permeability was measured. This parameter
represents the ratio of the quantity of water vapor passing through a material (kgem les 1*Pa~!). The experimental procedure was
applied to three cylindrical samples of each cob and light-earth material. The test was implemented according to the dry cup method,
which was set up according to the NF ISO 12572 standard [55].

Before implementing the test, the samples 110 mm x H220 mm are cut into small samples 110 mm x H40 mm (Fig. 10) and kept in
an environment where the temperature and RH were 20 + 2 °C and 50 + 5%, respectively. The test cup, sealed on the side with an
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aluminum adhesive tape, was positioned at the top of the dish and held in place using a plastic holder (Fig. 10). Then, according to the
relative humidity of the air inside and outside the cup, the mass of the samples was monitored until equilibrium was attained. The
chosen the relative humidity of the air inside and outside the cup were 0% and 50% at 23 °C, respectively.

The previous provides information on material behavior when moisture transfer is dominated by vapor diffusion. Vapor flux
through the material was determined by weighing the sample cup assembly. At a steady state, the water vapor flux (G) through the
sample is given by the slope of the regression line of the sample cup assembly mass vs time. This was obtained after eliminating the
initial nonlinear phase of the test. The flux or transmission of the water vapor rate (g) is calculated using Eq. (1).

o= €]

A b

Where.
A: area of the sample (m?);.
G: water vapor flux (kgos’l).
Eq. (2) can be used to calculate the water vapor resistance (Z) from the water vapor permeability (W) depending on the difference in

water vapor partial pressure (AP;) between the two sides of the sample:

1 AxAp,

=wWS 6 @

Subsequently, the water vapor resistance of the air layer (Z,) present in the measuring cup was obtained by determining the air
layer thickness (d,) and air water vapor permeability at an atmospheric pressure (5a) equal to 2 x 1071° kgem s~ **Pa~! using Eq.

3):
Z, =2 3)

The corrected water vapor permeance, W, is obtained using Eq. (4):

1

W = Z-7 @
The water vapor permeability of the sample (8) can then be determined using Eq. (5):
5=W.xE, (5)
Where E is the sample thickness (m).
Finally, the water vapor resistance factor of the material (u) is determined using Eq. (6):
5a
=2 6
= (6)

2.6.3. Open porosity

In this study, the open porosity was measured by immersing small samples in non-wetting oil (dearomatized oil) according to the
NF ISO 5017 standard [57]. Then, the samples were oven-dried at 40 + 5 °C, placed in a non-wetting oil-filled beaker, and saturated
under vacuum in a desiccator for at least 24 h. This allowed the nonwetting oil to replace the air in the open pores without interacting
with the sample volume. Subsequently, the samples were weighed in air and non-wetting oil (Fig. 11). The open porosity was
determined according to Eq. (7):

Fig. 10. Experimental water vapor permeability test.
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Mair - Mdry

Q=
Mair - Moil

x 100, @

Where.
@ is the open porosity (%);.
Mair is the mass of the saturated sample in air (kg);.
Moil is the mass of the saturated sample in the nonwetting oil (kg); and.
Mdry is the dry mass.

2.6.4. Thermal conductivity

The thermal conductivity, A, of the cob and light-earth materials at different water contents under winter and summer conditions
were measured in the laboratory (climatic chambers); the air speed was 0.3 mes '. The experimental conditions in the climate-
controlled chamber are listed in Table 5.

Thermal conductivity measurements were implemented on the prismatic samples (300 mm x 300 mm x 70 mm) of cob and light-
earth materials (Fig. 6B).

A Netzsch HFM436 Lambda heat flux meter was used according to ISO 196 8301:1991 [51]. The results range from the initial water
content value (Wy, = 20% for cob and Wy, = 100% for light earth) to the equilibrium water content value. The measurement of the heat
flux through the materials involves generating a temperature gradient between two plates at a mean temperature of 20 °C (the cold and
hot plates are at 10 and 30 °C, respectively). When the equilibrium state is reached and the heat flux is constant, the thermal con-
ductivity of the material is calculated using Fourier’s law [52].

Step 1: Immersion of samples
in non-wetting oil

s

2

Step 3: Weighting of satured sample Step 4: Weighting of satured sample
in air in non-wetting oil

Fig. 11. Porosity measurement in cob and light-earth.

10
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3. Results and discussions
3.1. In situ drying kinetics

The course of water content recorded by sensors in the cob and light-earth materials is shown in Fig. 12. In the cob layer, the VWC
curves linear decreased in the initial days following the cob implementation in situ. After 25 d, when building an additional lift, the
decrease in water content stopped (phase 1, Fig. 12). This can be explained by the fact that the amount of water from the new lift at the
top of the existing lift was generally constant. After this brief period, the VWC curve decreased again; however, its slope was smaller
than in the initial phase. The south and west walls are more exposed to wind. The corresponding VWC curve is linear and smaller than
in the initial phase. On the north wall, a type of VWC stabilization is observed. This is temporary because radiation and temperature
increase between March and August.

Fig. 12 presents two drying phases: an initial fast drying, where the slope is very steep, followed by a second phase with slower
drying, going towards stabilization. Although this is a composite wall, this behavior is consistent with the typical phases observed in
construction materials [58]: a first one that is faster, because of the liquid transport of water towards the drying surface. With water
content getting lower, liquid transport diminishes and vapor transport gets more relevant, but the drying process gets slower. The VWC
of the north wall follows a decreasing curve with a slope similar to those of the south and west walls (phase 2, Fig. 12).

In Fig. 13 (phase 1), the curves pertaining to the light-earth layer show large difference in the initial water content (even for the
same lift). These changes can be attributed to the material preparation method and water addition by craftsmen during processing.
Sometimes, light-earth material is directly used as the wall’s formwork. Typically, however, it remains in big bags for a few hours
before it is employed. This can lead to the loss of a quantity of water through evaporation and variations in water content during
construction.

The VWC curve of the light-earth material decreases with a stiff slope after few stagnation days; this differs from the observed VWC
curve of the cob material. In the latter, the VWC starts to decrease instantly after the material is implemented. In addition, in the case of
light-earth material compared with the cob, the effect of adding a new lift on a dried lift is less evident. The fact that the light-earth is
on the external side of the walls makes it more exposed and sensitive to variations in weather conditions. Between October and April,
different peaks were observed in light-earth water content curves. The south and west walls are particularly affected, as shown in
Fig. 13 (phase 2). Finally, it can be stated that light earth reaches the practical water content faster than cob. This can be due to
different factors such as: initial water content, exposition to wind (light earth is more exposed), porosity, etc. Despite the differences,
the materials still have a comparable drying behavior.

3.2. Laboratory drying kinetic

In climatic chambers under summer and winter conditions, the monitoring of water content variations by mass loss in the cob and
light-earth materials is shown in Fig. 14 and Fig. 15, respectively.

In the first week, the drying kinetics of cob was the same (Phase 1, Fig. 14) due to the homogeneity; moreover, the material was
undisturbed for 24 h. Then, with a difference of 2 — 4% in water content under winter and summer conditions, a decrease in drying
kinetics was observed. After three months, the samples became dry with stable water contents of 2.1% and 0.8% in winter and summer,
respectively (phase 2, Fig. 14).

In the first week, the drying kinetics of light earth changes with water content variation (91-125% in winter and 83-107% in
summer (phase 1, Fig. 15). Then, with a difference of 4-20% in water content under the winter and summer conditions, a decrease in
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Fig. 12. In situ drying kinetics of cob material in north, south, and west walls.
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Fig. 13. In situ drying kinetics of light-earth material in north, south, and west walls.
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drying kinetics is observed. After three months, the samples became dry, with a stable water content of 4% (phase 2, Fig. 15).
3.3. Hygroscopic behavior

3.3.1. Sorption isotherm

The moisture sorption isotherms shown in Fig. 16 indicate the evolution of moisture content versus ambient air RH at a constant
temperature of 23 °C for the cob and light-earth materials. According to Brunauer’s proposal [59], the sorption curves correspond to
type III and show hysteretic loops. This type of curve is typical among porous materials.

In the 10-30% RH range, the absorbed water vapor of cob and light-earth materials was observed to be between 0% and 2%.
However, when the RH is 40-90%, the absorbed water vapor of the light-earth (2-9%) exceeds that of cob (0.5-2%), as shown in
Fig. 16. To improve the analysis of this difference between the cob and light-earth materials, the raw materials (soils, reed fibers, and
flax straw fibers) are characterized, as shown in Fig. 17. The results indicate that the sorption/desorption behavior of the cob is mainly
regulated by soils 1 and 2 although it contains flax straw fibers with high water vapor absorption. However, because the flaw straw
fiber content is only 2.5%, its impact is not apparent. The sorption/desorption behavior of light-earth materials is primarily governed
by the presence of reed fibers.

According to the mixing law of components, Egs. (8) and (9) are used to calculate the mass difference between cob and light-earth
materials as a function of the percentage of components [28]. The two curves of cob and light-earth are plotted and compared, as
shown in Fig. 18.

M cop(Lawmix)y = 0.025M praxsirawgivre + 0.325M i1 + 0.65M sir2 8

Mighteari(Lawmix) = 0-35M eeqgipre +0.65Ms0i13 9)

The curves in Fig. 18 indicate that for light-earth, the mass difference between the sample and mixture is negligible. This occurs
probably due to the moisture absorption provided by the reed fibers, which can influence the mixing law calculation. In contrast, the
porosity (which is related to compaction) of the light-earth sample.

For the cob, a significant difference between the sample and mixture is observed because the porosity can impact the moisture
absorption of the sample. In addition, the moisture absorption of the flax straw fibers exceeded that of the fibers covered by soil.

3.3.2. Open porosity

The values related to open porosity are listed in Table 6. These are correlated with the results of the sorption/desorption curves of
the cob and light-earth materials. The low porosity of the cob reduces the area of hysteresis and therefore decreases its hygroscopic
absorption of humidity. However, a more porous light-earth allows for better humidity absorption (Fig. 18).

The water absorption capacity of soil and fibers has an important effect on their adhesion to the matrix. Particle swelling, which is
caused by water absorption during the first 24 h, pushes away soil. After drying, the volume of particles decreases, and voids form
around them [60].

The sorption ability of the light-earth was observed to be better than that of the cob (Fig. 16). This means that light-earth can
prevent moisture condensation pathology, and its surface is relevant for evaluating heat flux. The hygroscopic property of light-earth
materials is well observed; however, that of cob materials is less well known.

This property is advantageous for the two mixes; however, it may increase the moisture content inside the material, influencing its
durability, strength, and thermal insulation properties. In view of this, the investigation of the water vapor permeability of cob and
light-earth materials is important.

3.3.3. Water vapor permeability

The measurement results of the cob and light-earth materials are listed in Table 7. The water vapor resistance factors are 12.9 and
8.2 for the cob and light-earth, respectively. The cob presents a 36% higher factor compared with the light-earth material. Conse-
quently, the light-earth material remains more hygroscopic than the cob material. As for sorption/desorption, the lower water vapor
permeability of the cob is due to the reduced open porosity. This low permeability is also due to the nature of the connection between
the soils and flax straw that did not generate a sufficient quantity of voids for the storage of absorbed water vapor. In contrast, the
water vapor permeability of light-earth exceeds that of cob due to the increase in porosity and nature of the reed. This renders the
hygroscopic character of light-earth better than that of cob (Fig. 19).

3.4. Thermal conductivity

The results of the monitoring of cob and light-earth materials in climatic chambers under winter and summer conditions are
analyzed. Using the foregoing, plots that define the relationship between thermal conductivity and density are produced (Fig. 20 and
Fig. 21), and they are showed in the following paragraphs. These plots enable the estimation of the thermal conductivity of cob and
light-earth depending on the water content and open porosity.

3.4.1. Cob measurement
As presented in Fig. 20, the drying kinetics of the cob under summer and winter conditions are similar, with a decrease in density

from 2200 to 1600 kg/m?; the final water content of the samples is 3%. Notably, the mass loss of the samples was not homogenous; it
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Fig. 17. Moisture sorption isotherm of soils and fibers.

decreased by 1% initially and by 17% overall.

The thermal conductivity decreased as the water contents decreased from 1.31 to 0.48 Wem leK ! in summer and from 1.27 to
0.58 Wem oK ! in winter (Fig. 21).

3.4.2. Light-earth measurement
As shown in Fig. 22, the drying kinetics of light-earth under summer and winter conditions are similar, decreasing in density from of
1000-600 kg/m?; the final water content is 4%.

The thermal conductivity decreased as the water contents decreased from 0.50 to 0.13 Wem leK ! in summer and from 0.40 to
0.14 Wem LeK ! in winter (Fig. 23).

4. Literature comparison

To be able to evaluate the performance of the cob and lightened earth, their hygrothermal behavior is compared to the literature. In
Table 8, the hygrothermal properties of different earth-based materials are reported: light earth of different densities, cob, earth bricks,
etc. It should be mentioned that the reported properties were obtained under experimental conditions (temperature and relative
humidity) which are sometimes different. This fact has not been considered in the present comparisons.

From the light earth section in Table 8, it can be seen that mixtures investigated in present study are hygroscopically and thermally
(thermal conductivity) less efficient than those reported in other works [5,28,32]. This may mainly be due to the differences in the used
materials and preparation/conditioning methods. In addition, differences in density can be observed. In fact, materials in present study
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Fig. 18. Moisture sorption isotherm of cob and light-earth compared with mixture law.

Table 6

Open porosity measurement for cob and light-earth.
Materials Cob Light-earth
Number of samples 1 2 3 1 3
Porosity “®” (%) 30 28 31 53 55
Mean porosity “®” (%) 301 54+1

Table 7

Water vapor resistance factor (u) of cob and light earth.
Materials Cob Light-earth
Number of samples 1 2 3 1 2 3
5: Water vapor permeability, x 107'2 (kgem les lePa 1) 16.2 15.7 14.6 25.5 25.4 22.3
& mean x 107'2 (kgem 'es 'ePa™!) 15.5+ 0.8 244+1.9
Water vapor resistance factor, p (-) 12.35 12.72 13.75 7.8 7.9 9.0
p mean (-) 12.9 £ 0.7 8.2+0.7

Fig. 19. Sample sections of cob (left) and light-earth (right).
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Table 8
Hygrothermal properties for different earth-based materials.
Earth-based materials References Mix Density [kg/ Sorption max 1 A [Wem leK ']
m3] [%] (Dry cup)
Light earth Present Light earth (Earth + 35% Reed) 620 8.76 8.2 0.13-0.14
study at RH = 90% at 20 oC
[5] Earth + Straw 241-531 12 4.8 0.071-0.120 at 25
at RH = 93% oC
[33] Earth + Typha Australis (20%, 323-586 12.9 3.75-7.06 0.06-0.11 at 23 oC
33%) at RH = 97%
[28] Earth + hemp shiv 34-67% 200-350 5.3-7.5 2.24-4.14 0.06-0.12
at RH = 80% at 23 oC
Cob Present Cob (Earth + 2,5% flax staw) 1650 2 12.9 0.48-0.58
study at RH = 90% at 20 oC
[48] Cob 1462-2011 2.8-4.1 7-9.98 0.62-1.93
at RH = 90%
Other earth-based [61] Unfired earth bricks 1761-1797 5.3 - 0,77-0,95
materials at RH = 95%
[24] Extruded brick 1940-2070 4-6 7-9 0.47-0.59
At RH= 97% at 25°C

are denser when compared to those reported in Refs. [5,28,32]. This difference in density can explain, in part, the disparities between
here-obtained results and those reported in literature. Indeed, this parameter is of a crucial importance. Niang et al. [33] reported that
thermal conductivity increases from 0.06 to 0.11 Wem ™ 'eK~! when light earth density increases from 323 to 586 kg/m?. This increase
in density also affects the light earth hygroscopic properties. In fact, maximum moisture sorption decreases, and water vapor resistance
factor increases. Moreover, Colinart et al. [28] reported that thermal conductivity clearly increases with density. However, no effect of
density on water vapor resistance factor was clearly observed.

Light earth hygroscopic proprieties are better than other earth-based materials considered as suitable to moderate buildings indoor
humidity. In case of water vapor permeability, here investigated materials behave as Cob or earth bricks, see Table 8. Regarding
maximum sorption value, light earth mixtures are more efficient when compared to these latter. Otherwise, due to their high fiber
content, soil-fiber mixtures present a lower thermal conductivity than Cob or earth bricks.

From the cob section in Table 8, it can be seen that mixtures investigated in present study are hygroscopically less efficient than
those reported in the work of Phung [48] but, thermally (thermal conductivity) is more efficient (0.48-0.58 Wom’loK’l) than works
of phung and [47,59].

5. Conclusion

This study focuses on understanding and quantifying the drying kinetics evolution and hygrothermal properties of cob and light-
earth materials constituting a double-walling system of cob and light-earth. The experimental measurements were focused on moisture
sorption isotherm, open porosity, and water vapor permeability.

The drying process in the cob and light-earth materials was found to follow an exponential decline function. An exception was
observed in light-earth during the first week after construction. The VWC remained approximately constant probably due to the water
absorbed by the reed fibers constituting the mix. In contrast, a variance in drying rate between the upper and lower parts of the same
lift, especially in the cob, was observed. In addition, the initial in situ VWC was observed to be more homogeneous in cob than in light-
earth. The initial drying kinetics in situ were similar to those in a climatic chamber simulation in the laboratory. It can be concluded
that climatic chamber results exhibit good correlation with in situ studies.

The density and thermal conductivity of the cob and light-earth samples were measured under winter and summer conditions in
climatic chambers simulation. The results revealed that the density of cob decreased from 2000 to 1600 kg/m?; its thermal conduc-
tivity also decreased from 1.31 to 0.48 Wem eK ! in summer and from 1.27 to 0.58 Wem 'K ! in winter. The density of light-earth
decreased from 1000 kg to 600 kg/m?; its thermal conductivity decreased from 0.50 to 0.13 Wem leK ! in summer and from 0.40 to
0.13 Wem oK ! in winter.

The hygrothermal results revealed a relationship between the thermal conductivity, density, and water content of cob and light-
earth under summer and winter conditions. In addition, open porosity was found to affect water vapor permeability and sorption/
desorption.

This study gives us perspectives to try to reproduce as well as possible the real conditions in laboratory. to continue the work in
CobBauge project, other properties of these materials will be studied, in particular, the investigation of compaction and shrinkage of
walls in situ which will be compared to laboratory results on small scale walls.
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