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Abstract: Raw earth is one of the oldest building materials of mankind. Almost a third of the
world’s population is living in an earth-based house. However, their use remains low compared
to conventional materials such as concrete, steel, and wood. Although these geosourced materials
are abundant, recyclable, and have a low environmental footprint, their use is very limited in the
construction sector. This can be explained by the lack of data regarding their hygrothermal behavior.
In this context, the present work aims to highlight the properties of cob construction material with
straw addition. An experimental characterization of hygrothermal and microstructural properties has
been carried out. Thermal conductivity, specific heat, sorption isotherms, moisture storage capacity,
moisture buffer value (MBV), and water vapor permeability are obtained experimentally. Then, the
collected data are used as input parameters of a numerical prediction model to numerically assess
the thermal and hygric behavior. Cob is then compared to other more commonly used materials to
highlight the benefits of its use within the context of the energetic and environmental transition. Our
results will allow better understanding of the behavior of the new geosourced material thanks to
experimental and numerical investigation.

Keywords: raw earth; hygrothermal characterization; microstructure; moisture buffer capacity

1. Introduction

The 19th century marked the beginning of the first Industrial Revolution in the British
Empire. During this time, the negative impact of humans on the environment was observed.
Overexploitation of various natural resources and the large emission of harmful gases,
especially carbon dioxide (CO2), are the main causes of this problem.

The major activity sectors with an important environmental footprint are intensive
agriculture, transportation, and industry. However, the building industry remains the
sector with the most negative impact on our planet. It represents 44% of the energy
consumed in France [1] and is responsible for 37% of the CO2 emission [2] as well as
13 to 30% of the waste produced worldwide [3]. This high environmental footprint is
broadly caused by concrete. Concrete is the world’s most used construction material, with
10 billion cubic meters poured per year [4]. Cement is the main component of concrete.
It represents 8% of the total CO2 emission [5]. Hence, reducing this impact for both
existing and new constructions is one of the major societal issues related to the energy and
environmental transition. Actually, several approaches can be studied to address this issue
while improving the energy and environmental performance of buildings. In France, the
new thermal and environmental regulation (RE2020) [6] requires (i) constructing hermetic
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buildings with high thermal insulation, (ii) establishing harmonious relationships between
the building and its environment, (iii) creating a comfortable and healthy environment for
its users, and (iv) preserving natural resources by optimizing their use and by polluting
less. To sum up, reducing the carbon footprint of buildings, pursuing the improvement
of their energy performance, and ensuring their coolness during hot summers are the
major objectives of the RE2020. Thus, one of the approaches that has been considered to
achieve these objectives is developing less energy-intensive, more energy-efficient, and
environment-friendly materials by using geosourced materials.

Raw earth has been used since the beginning of the sedentarization of mankind around
15,000 BC. However, it was not popular until the 9th millennium when raw earth was
used to build cities, particularly in Mesopotamia. Besides, the establishment of cities at
that time was not only based on the need to settle near waterways. It was also based on
the availability and the quality of raw earth [7]. This material is known to be abundant
and reusable. Additionally, raw earth behaves as a thermal and hygrometric regulator,
allowing a very comfortable atmosphere during all seasons [8]. However, the growth of the
concrete industry has led to lesser use of raw earth, even though almost one third of the
world’s population lives in a raw earth house [9]. This marginalization is due to the lack of
awareness of this material’s properties.

There are several construction methods related to raw earth. We can notably find
compressed earth block (CEB), rammed earth, wattle and daub, and adobe. Compressed
earth blocks (CEB) are a type of adobe brick, made in presses that compress wet, powdered
earth. Rammed earth is a process that consists of building monolithic and load-bearing
walls of more than 40 cm thickness. The material is compacted in successive layers in a
formwork, traditionally made of wood. The loamy earth is worked in a loose state with
limited water and may contain stones to increase the mechanical strength. Rammed earth
does not contain any fiber. Wattle and daub is a mixture of clay and straw or vegetable
fibers. It is only used to fill walls whose structure is wood-framed, or with wooden racks.
The adobe construction method is defined by the use of earth bricks that have been air-
dried without having been fired in a kiln. A clay soil is used, to which vegetable fibers
can be added. The bricks are traditionally hand-molded in a wooden mold and then
dried at an indoor air temperature (the bricks are not pressed as for CEB). Within the
framework of our study, we are interested in the cob as our construction method. This
very old process consists of mixing raw earth with water and sometimes adding vegetable
fibers. This mixture is then used in a plastic state and shaped into balls in order to build
monolithic walls. This technique has been used for thousands of years in all types of
climates. The cob construction method is very resistant to very rainy weather thanks to
its porosity. It can even withstand rain for long periods of time [10,11]. Not to mention, it
has two major advantages: the effortless construction and the freedom of design compared
to other construction methods, such as adobe, compressed earth blocks, or rammed earth,
whereas the production of cob requires 18 to 38% of the energy needed for conventional
materials. Furthermore, the use of cob reduces the impact of global climate change by 75 to
82% [12]. The term cob comes from England, but we also have the terms of Bauge (France),
Lehmweller (Germany), Pahsa (Turkey), Atterati (Italy), and Zabour (Yemen) [13–17].

To the best of our knowledge, except for the few studies presented above, cob building
is not well described in the literature [18]. This leads to its low use in current construc-
tion. Moreover, its behavior in response to climatic solicitations is rarely modeled. For
a remedy, this paper proposes to solve this problem and to overcome the limits of cob
building by enriching literature databases. Our aim is to get a better understanding of
the behavior of cob mixtures in order to develop its use in our sector. The investigations
include microstructure observations, characterization of the compressive strength, thermal
conductivity, specific heat, moisture buffer value (MBV), sorption isotherms, water vapor
permeability, and numerical simulations. In addition to the experimental characterization,
numerical simulation was carried out. The latter is based on the model of Philip and de
Vries [19] and the work of [20] and [21]. The aim is to predict the hygrothermal behavior
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(water content profile, relative humidity, etc.) of the cob. The estimated properties of
the cob are compared to those of other materials such as hemp concrete, glass powder
concrete, and clay brick. The aim is to position the cob regarding its utilization as a building
envelope material. The experimental measured properties are used as input data to feed
the numerical modeling proposed.

2. Materials and Methods
2.1. Raw Earth

The material being studied is a soil excavated in the eco-district of Guerande (city
located near Nantes, France). This is a local material chosen to reduce the carbon footprint
compared to conventional materials. The granulometric analysis is an important tool for soil
classification. Based on the NF EN ISO 17892-4 standard [22], the particle size composition
of the Guerande soil was determined by wet sieving for the part of the soil larger than 80 µm
and by using sedimentation for elements smaller. It was deduced that the studied soil is a
sandy loam type. The latter is composed of 8% clay, 47% silt, and 45% sand. It is specified
in the literature that the optimal quantity of clay for the cob construction mode is around
20% [14]. Earth-based materials for buildings are often represented using triangular texture
diagram [23]. In France, a classification based on the French soil research organization
“GEPPA” is often used [24]. Note that in the GEPPA diagram, the top dimension of the
silt is 50 µm, which is different from NF EN ISO 17892-4. Indeed, the silt content based on
this system is 44% and the sand content is 48%. The average value of raw earth density is
1878 kg·m−3 [25]. Furthermore, the Atterberg limits were reached using the NF EN ISO
17892-12 standard [26]. The plastic limit Wp is 17%, while the liquid limit is Wl 34%. The
plasticity index Ip is equal to 17. Finally, the blue methylene value was obtained from the
standard NF EN 933-9 and is 1.9 [27].

2.2. Straw

An amount of 3% by mass of vegetable fibers was added in the mix. This rate was pre-
viously found in the literature for cob [28–30]. The addition of vegetable fibers accelerates
the drying process, reduces shrinkage cracks, and improves the cohesion and the ductility
of the material [14].

For this purpose, we have valorized a vegetable by-product and integrated it into our
material. A by-product means a material that is unavoidably created to produce another
desired material [31,32]. Our choice was straw fibers. Straw is a by-product of industrial
agriculture, which is made from dry stems of cereal plants, like wheat, barley, spelt, and
spurge [33]. For a particle length of 50.8mm, the average density is about 93 kg·m−3 [34].
Contrary to hay, straw is not very nutritious and is therefore less often used for the feeding
of livestock. However, straw is used for litter. Chemically speaking, straw is composed
mainly of cellulose and lignin, the same main components as wood [35]. In addition, the
incorporation of straw fibers improves the hygrothermal properties of the earth because
of their low thermal conductivity, between 0.06 and 0.08 W·m−1·K−1 [36]. This value is
slightly lower for hay with values ranging from 0.0284 to 0.0605 W·m−1·K−1, obtained,
respectively, at a temperature of −17.8 ◦C and 60.1 ◦C. Thermal conductivity had been
characterized for different initial mean hay temperatures of hay, moisture contents, and
bulk densities [37].

The straw fibers were evenly cut to a size of 50± 5 mm before manufacturing the earth-
based composites. Afterwards, the average water content of the used soil was measured in
order to reach the prescribed water content. According to [29,38,39], the water content of
the cob should be between 10 and 28%. Thus, average water content of 21% was chosen for
our formulation. In accordance with the literature [40,41], a mass percentage of 3% of fibers
in relation to the dry mass of raw earth was retained. Besides, to avoid the absorption of
water by the straw fibers that reduces the workability of the composite at the fresh state,
the straw fibers were immersed in water for 5 min. Then, the fibers were drained for 5 min.
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2.3. Mixing

The manufacturing process was carried out with a mixer and a kneading machine
as follows:

• Mixing the raw earth alone for 5 min at 120 rpm
• Adding water and mixing for 5 min at 120 rpm
• Adding half the amount of fiber and kneading for 5 min at 120 rpm
• Adding the remaining fibers and kneading for 5 min at 120 rpm

We then filled hermetic bags with our mixture. We waited for 24 h to make specimens
with our cob formulation, giving time for the clay to rehydrate [42]. After that, samples
were manufactured with 3D printed molds designed especially for the devices used during
our investigation. Prior to the hygrothermal characterization, dry density was measured.
The latter has a value of ρs = 1654 kg·m−3. Moreover, compressive strength has been
determined with a value of 2.9 ± 0.1 MPa.

2.4. Microstructure Observations

The microstructure observations have been carried out with the CMOS-based digital
microscope VHX 7000 (Keyence) that achieves a typical magnification of ×6000 in the
optical wavelength range. Viewed at a resolution of 2880 × 2160 pixels, the physical size of
the pixels varies between 0.7 µm and 5 µm depending on the magnification. The following
magnifications were used to capture the information: E20 × 20, E20 × 80, E100 × 100,
E100 × 300.

2.5. Thermal Conductivity

Thermal conductivity is a property that has the most significant impact on the thermal
performance of a building. It describes the insulation capacity (or conductivity) of a
material. The thermal conductivity was measured with the Lambda-meter EP500e device
for different temperatures 10 ◦C, 23 ◦C, and 40 ◦C (Figure 1). This device is based on
the technique of the guarded hot plate which exploits the Fourier’s law in steady state
according to standards [43,44]. The measurements are performed under a temperature
gradient of 15 ◦C by fixing the hot surface of the device at a reference temperature. The
parallelepipedal specimens have the following dimensions: 15 × 15 × 3 cm3. They were
preconditioned in an oven at 40 ◦C until the mass was stabilized. Finally, the thermal
conductivity was calculated using Fourier’s law with the unidirectional heat flux through
the sample. This is equivalent to the electrical heating power.

λ =
Q·e

∆T·A =
U·I·e
∆T·A (1)

where:
e: thickness of the specimen (m);
A: the surface area perpendicular to the heat flux (m2);
Q: the unidirectional heat flow (W);
∆T: the temperature gradient (◦C);
U·I: electrical heating power (W).
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Figure 1. Picture and scheme of the Lambda-meter EP500e.

2.6. Specific Heat Capacity

Thermal capacity or specific heat capacity is a property expressing the capacity of
a material to store heat. Knowledge of the thermal capacity of materials is essential
to complete the thermal characterization. For this, the Calvet calorimeter was used in
accordance with the NF EN 821-3 standard [45]. The Calvet calorimeter shown in Figure 2
is a differential device. It is equipped with two 3D thermopiles that respectively surround
a measurement cell in which a sample of the studied material is placed and a reference
cell containing a thermally inert product. A larger sample size gives more accurate results,
which makes the Calvet method more accurate compared to the traditional DSC equipment.
The tested samples are cylindrical with a diameter of 1 cm and a length of about 4 cm.
Samples were preconditioned in an oven at 40 ◦C until the mass was stabilized.
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2.7. Sorption Isotherms

Adsorption and desorption isotherms of the water vapor were determined. It allows
us to evaluate the activity of water at the microscopic scale (modes of fixing of the water
molecules at the pore scale). This test indicates the water content of the mass ratio of a
material according to the relative humidity (RH). The used device is the “Pro-Umid of SPS”
which is based on a gravimetric method. The “SPS Pro-Umid” is fully automated. This
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device has a gravimetric resolution ranging from 0.1 µg to 10 µg. An internal reference
compensates for any drift of the microbalance and offers excellent balance stability, even
for long-term measurements (>>24 h). The wide dynamic load range of the microbalances
enables accurate and reproducible weighing results at full scale. We measured the isotherms
at a temperature of 23 ◦C with humidity ranging from 0% to 90% of Relative Humidity.

2.8. Moisture Buffer Value (MBV)

The moisture buffering capacity represents the ability of a material to moderate
changes in relative humidity in the ambient air. This parameter was measured using
the Nordtest method [46]. The principle of the MBV test protocol is to expose the specimens
to daily cycles of relative humidity similar to the cycles observed in the building. The
samples were then exposed to a cycle of 8 h at 75% RH and 16 h at 33% RH. Prior to
measurements, the specimens were pre-conditioned at 23 ◦C and 50% RH. The dimensions
of the cubic specimens are 10 × 10 × 5 cm3. Figure 3 shows a classification of the materials
according to their ability to store moisture from the Nordtest project.
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Finally, the masses were tracked at the end of each cycle to deduce the MBV from the
following equation:

MBV =
∆m

A(RHmax − RHmin)
(2)

In this equation, ∆m is the amplitude of the mass variation during the cycles (g), A is
the contact surface between the specimen and the ambient air (m2), RHmax is the relative
humidity during the adsorption phase (%), RHmin is the relative humidity during the
desorption phase (%).

2.9. Water Vapor Permeability

Water vapor permeability characterizes the ability of a material to transfer moisture
under a vapor pressure gradient. The measurements were carried out using the Gravitest®

device, which is based on the dry cup method according to ISO 12572 [47]. The cup method
consists of applying a relative humidity gradient between two surfaces of a specimen under
constant and homogeneous temperature. To do so, the specimen was sealed at the top of a
cup containing silica gel. The cup was then placed into a climate chamber with a relative
humidity of 50% and a temperature of 23 ◦C. The mass variation of the specimen was
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measured until it reached the steady state (constant vapor flux through the specimen) and
mass equilibrium during 48 h defined by this criterion:

m(t)−m(t + 48 h)
m(t + 48 h)

≤ 0.1% (3)

As soon as the vapor flux was stabilized, the latter was calculated. Depending on the
boundary conditions of the specimen, permeance to water vapor was deduced. Therefore,
the vapor permeability was determined by the assumption that the material is homoge-
neous. The test was performed on three cylindrical specimens of 8 cm in diameter and 2 cm
in thickness.

3. Results and Discussions
3.1. Experimental Characterization
3.1.1. Microstructure Observations

An observation of the cross section of the straw fiber is shown in Figure 4a. It is
observed that the microstructure is constituted of multilayers with a tubular structure
organized toward the growth of the plant. Many pores are observed at this cross-section.
The pore sizes are more or less important with an average diameter of 40 µm. In Figure 4b
it appears that the external structure of the straw used in our formulation is smooth with
very few irregularities. Figure 5 represents the interface of our material. This shows a
good general cohesion of the composite earth/straw. However, in some areas there is poor
cohesion between the two materials. This is due to an inter-granular porosity which can
be important in case of bad cohesion. This type of porosity could improve the hydric and
thermal properties in addition to the intrinsic properties of the straw.
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3.1.2. Thermal Conductivity

Thermal conductivity is an important property to characterize the thermal behavior
of materials. To ensure good reproducibility of the results, three specimens were tested
for our formulation. This property was measured at 3 different temperatures, respectively:
10 ◦C, 23 ◦C, and 40 ◦C. The average thermal conductivities for each temperature and their
standard deviations are shown in Figure 6. At a temperature of 23 ◦C, cob has a thermal



Buildings 2022, 12, 648 9 of 23

conductivity of 0.180 W·m−1·K−1. This value is lower than that of other conventional con-
struction materials, such as cementitious concrete. Indeed, this kind of material can reach a
thermal conductivity of 1.20 W·m−1·K−1 [48–50]. In Figure 7, the thermal conductivity at
23 ◦C of cob is compared to other materials:

• hemp concrete, an insulating material [51],
• glass powder concrete [52],
• conventional concrete, structural materials [52],
• clay brick [53].

The thermal conductivity of cob is close to hemp concrete and clay brick values. Thus,
we can consider our formulation of cob a good insulating material for construction. Its
thermal conductivity is about 7 times lower than glass powder concrete. Otherwise, the
thermal conductivity of conventional concrete is almost 8 times higher than cob. Moreover,
the thermal conductivities assessed on cob correspond to the one measured for unfired
earth blocks with a mass straw content of 6% (0.14 ± 0.01 W·m−1·K−1). The value is
obtained by the same testing method, which is the Guarded Hot Plate GHP [54].
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3.1.3. Specific Heat Capacity

The specific heat capacity of cob was measured to quantify its heat storage capacity. It
is an essential parameter, as well as the thermal conductivity, to evaluate the decrement
factor and the time lag of a wall. Figure 8 presents the evolution of the specific heat capacity
as a function of the temperature. The measurement range extended from −10 to 45 ◦C.
Nevertheless, the range exploited is from 0 to 35 ◦C (Figure 9). This is due to the very
strong thermal inertia inside the device. Indeed, this thermal inertia leads to a delay in
the transmission of heat, shortening the exploitable range of the data (0 to 35 ◦C). The
specific heat capacity measured for cob is between 800 and 900 J·kg−1·K−1. This value is in
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accordance with the values found in the literature for raw earth materials (between 800
and 950 J·kg−1·K−1 [55,56]). The cob specific heat capacity at 23 ◦C was compared to the
values of hemp concrete [57], glass powder concrete, conventional concrete, and clay brick.
In Figure 10 we can observe that the specific heat of cob is 24% lower than that of hemp
concrete, 4% higher than glass powder concrete, and 14% higher than clay brick. Besides,
the gap between conventional concrete and cob is significantly lower. The trend remains
the same for the volumetric heat capacity (Figure 11) with the exception of hemp concrete,
which has seen its value fall significantly due to its low density.

To provide hygrothermal models, it is necessary to represent the evolution of the
specific heat capacity as a function of temperature in the form of a polynomial of variable
degree. Hence, its evolution as a function of temperature (T) is modeled by the linear
function CP(T) = aT + b. The coefficients are adjusted by minimizing the difference with the
measured values. The fitted coefficients a, b of the linear function are shown in Figure 10
with a residual close to 1 (0.9819).
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Figure 11. Comparison of cob’s volumetric heat capacity with different materials.

3.1.4. Sorption Isotherms

In order to show the advantage of incorporating straw in raw earth, we have measured
the adsorption and desorption isotherms at 23 ◦C on raw earth (RE), straw (S), and raw
earth/straw composite (RES). The obtained results are presented in Figure 12.

As can be observed in Figure 12a, the evolution of water content as a function of the
relative humidity is showed. It appears that the water content (w) is less significant in the
raw earth specimens (RE) compared to the raw earth/straw composite (RES). An increase
of about 18% in the maximum water content was noticed in the saturation region after the
incorporation of straw in raw earth. This is due to the adsorption capacity of the straw
plant (25%), which is one of highest (Figure 12b). By comparing these results with those
of other materials (Figure 13a), it is noticed that the glass power and reference concrete
have the highest values of water content, that reach 117 and 93 kg·m−3, respectively. Hemp
concrete and RES have similar values (between 60 and 80 kg·m−3). In order to better
analyze the hygroscopic behavior of the materials, moisture content is plotted in terms
of mass ratio (Figure 13b). The maximum mass ratio of the RES and hemp concrete are
compared. A higher value for hemp concrete compared to our formulation of raw earth
with straw is highlighted. Actually, hemp concrete’s value can reach 12–16% depending on



Buildings 2022, 12, 648 12 of 23

the formulation. Concerning glass powder concrete and conventional concrete, the values
of the maximum mass ratio are 4 and 5%, respectively. These values are almost equal to our
formulation’s one. Thus, it appears that the hysteresis phenomenon is very significant for
comparative materials (Figure 13). For clay brick, the maximum water content reaches a
very low value of 0.1%. Moisture storage capacity (Cm) is defined as the slope of isotherms
sorption curves. It is expressed by:

Cm =
∂w

∂RH
(4)

where w (kg·m−3) is the water content and RH is the relative humidity (%).
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The incorporation of plant fibers within raw earth has increased the moisture storage
capacity of the RES samples (Figure 14). This value was compared with those of hemp
concrete and concrete. Moisture storage capacity of RES specimens is the highest of
materials being studied, reaching a value of 203 kg·m−3 at 78% of RH against 151, 117, and
108 kg·m−3 for hemp concrete, glass concrete, and conventional concrete, respectively.
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Figure 14. Moisture storage capacity of raw earth, raw earth/straw (a), and straw (b).

Indeed, the increase observed in the water vapor adsorption capacity of the composite
material can improve its hydric properties (hydric buffering capacity and water vapor
permeability) as well as its thermal properties (thermal conductivity and specific heat).

3.1.5. Moisture Buffer Value (MBV)

The MBV is used to estimate the dynamic hygrothermal behavior of the material when
it is exposed to an indoor environment. It indicates the average amount of water that is
exchanged by adsorption or desorption when the surfaces of the material are subjected
to changes in the relative humidity for a given time. The tests were performed on four
specimens and the mass change was measured for a week to ensure repeatability of the
experiment and calculation of the associated uncertainties.

At the end of the tests, the value of MBV measured for the cob formulation was
1.4 g/(m2·%RH) with associated uncertainty of 0.1. This value is in accordance with the
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values referenced in the literature. In reference [58], the MBV of raw earth covered values
between 1.13 and 3.73 g/(m2·%RH). This wide range is explained by the type of soil
and some additions such as lime, cement, or geopolymers (NaOH). Moreover, according
to the Nordtest project classification, raw earth with straw addition can be considered
a good moisture regulator. MBV is compared with values found for other materials
(Figure 15). Hemp concrete has an MBV of 2.27 g/(m2·%RH) which makes it an excellent
moisture regulator [51]. Structural materials like concrete or brick have a lower MBV of
0.37 and 0.4 g/(m2·%RH), respectively [59]. Thus, they are considered a limited (or a weak)
moisture regulator.
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3.1.6. Water Vapor Permeability

Finally, the water vapor permeability was measured on 3 specimens. The average
value obtained is δ = 1.08 × 10−11 ± 6.5 × 10−13 kg·s−1·m−1·Pa−1. This result is in accor-
dance with values found in the literature. For adobe, the water vapor permeability has a
value ranging from 1.0 to 2.7 × 10−11 kg·s−1·m−1·Pa−1 [56]. Besides, for adobe with 3% of
straw, water vapor permeability was worth 3.8 ± 0.3 × 10−11 kg·s−1·m−1·Pa−1 [60]. Our
cob formulation value is of the same order of magnitude as hemp concrete (Figure 16).
Indeed, the latter is equal to 2.85 × 10−11 kg·s−1·m−1·Pa−1 [51]. Clay brick water vapor
permeability has a value very close to cob, with δ = 1.63 × 10−11 kg·s−1·m−1·Pa−1. How-
ever, the average value for glass powder concrete is around 2.47 × 10−12 kg·s−1·m−1·Pa−1,
which is not of the same order of magnitude. This gap is more important for the concrete.
The latter has a water vapor permeability of 9.51× 10−13 kg·m−1·s·−1·Pa−1 [61]. We can de-
duce that necessary vapor flux through cob specimens is more important than for concrete
specimens. This may be due to a lower porosity or tortuosity of our studied materials.

In addition to water vapor permeability, the water vapour resistance factor (µ), which
is usually used in the calculation of interstitial condensation (EN ISO 13788 [62]), has been
calculated (Equation (5)) at ambient temperature and atmospheric pressure (pa).

µ = δa
/

δ (5)

where δa =
2×10−7T0.81

pa
is the water vapor diffusion coefficient in the air.

The water vapor resistance factor of the studied materials is presented in Table 1.
The tendency is reversed for µ compared to δ. This can be explained by the inversely
proportional relationship that links them. Indeed, materials with low value of δ possess a
high value µ. Therefore, GPC and REF have the highest water vapor resistance factor due
to their low water vapor permeability. The water vapor resistance factor of cob and clay
brick are similar to that of bricks and stones. Hemp concrete, which has the lowest µ, due
to the high water vapor diffusion, is comparable to materials like platers [63].



Buildings 2022, 12, 648 15 of 23

Buildings 2022, 12, x FOR PEER REVIEW 16 of 25 
 

 
Figure 15. Comparison of cob MBV with other materials. 

3.1.6. Water Vapor Permeability 
Finally, the water vapor permeability was measured on 3 specimens. The average 

value obtained is δ = 1.08 × 10−11 ± 6.5 × 10−13 kg·s−1·m−1·Pa−1. This result is in accordance 
with values found in the literature. For adobe, the water vapor permeability has a value 
ranging from 1.0 to 2.7 × 10−11 kg·s−1·m−1·Pa−1 [56]. Besides, for adobe with 3% of straw, 
water vapor permeability was worth 3.8 ± 0.3 × 10−11 kg·s−1·m−1·Pa−1 [60]. Our cob formula-
tion value is of the same order of magnitude as hemp concrete (Figure 16). Indeed, the 
latter is equal to 2.85 × 10−11 kg·s−1·m−1·Pa−1 [51]. Clay brick water vapor permeability has a 
value very close to cob, with δ = 1.63 × 10−11 kg·s−1·m−1·Pa−1. However, the average value for 
glass powder concrete is around 2.47 × 10−12 kg·s−1·m−1·Pa−1, which is not of the same order 
of magnitude. This gap is more important for the concrete. The latter has a water vapor 
permeability of 9.51 × 10−13 kg·m−1·s·−1·Pa−1 [61]. We can deduce that necessary vapor flux 
through cob specimens is more important than for concrete specimens. This may be due 
to a lower porosity or tortuosity of our studied materials. 

 
Figure 16. Comparison of water vapor permeability of concrete, glass powder concrete, hemp con-
crete, clay brick, and raw earth/straw (RES). 

In addition to water vapor permeability, the water vapour resistance factor (𝜇𝜇), which 
is usually used in the calculation of interstitial condensation (EN ISO 13788 [62]), has been 
calculated (Equation (5)) at ambient temperature and atmospheric pressure (𝑝𝑝𝑚𝑚). 

𝜇𝜇 = 𝛿𝛿𝑚𝑚
𝛿𝛿 �  (5) 

where 𝛿𝛿𝑚𝑚 = 2 × 10−7𝑇𝑇0.81 
𝑝𝑝𝑎𝑎

 is the water vapor diffusion coefficient in the air. 

Figure 16. Comparison of water vapor permeability of concrete, glass powder concrete, hemp
concrete, clay brick, and raw earth/straw (RES).

Table 1. Water vapor resistance factor of concrete, glass powder concrete, hemp concrete, clay brick,
and cob.

Materials Water Vapor Resistance Factor

Cob 18.52
Hemp concrete 7.02

Clay brick 12.27
Glass powder concrete 80.97

REF concrete 210.30

3.2. Numerical Simulation
3.2.1. Mathematical Model

In order to analyze the hygrothermal behavior of the Cob and compare it with other
materials such hemp concrete and glass powder concrete, a numerical simulation was
conducted. The used hygrothermal used is based on the model of Philip and de Vries
et al. [19] and the work of Ferroukhi et al. [20] and Remki et al. [21], as mentioned in the
introduction. Because of the continuity problem for the water content, we have opted for
vapor pressure (pv) and temperature as the driving forces for transport. For more details
about the model, the reader is referred to [64]. The equations are developed under the
following assumptions:

• Macroscopically homogeneous, isotropic and rigid solid phase;
• Gas phase at constant and uniform pressure;
• Thermodynamic equilibrium between all phases present;
• No chemical reaction between phases;
• No heat transfer by radiation;
• No energy dissipation during flow;
• Wetting heat neglected.

The resulting equations for vapor pressure and temperature are presented as follows:

ρs
Cm

Pv,sat

∂pv

∂t
= −div(−kT∇T − km∇pv) (6)

ρsC∗p
∂T
∂t

= −div(−λ∗∇T − γ∇pv) (7)

pv,sat = 610.5· exp((17.269·T − 4717.03)/(T − 35.85)) is the saturation pressure;
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kT = kl
Rρl
M

[
ln
(

pv
Pv,sat

)
+ T

Pv,sat

∂pv,sat
∂T

]
(kg·m−1·s−1·K−1) is the liquid water conductivity

due to a thermal gradient. With kl the hydraulic liquid conductivity, R ideal gas constant,
M the molar mass of water;

km = δv + kl
RTρl
Mpv

(kg·m−1·s−1·Pa−1) represents the total moisture diffusivity coeffi-
cient with kv the water vapour permeability;

C∗p = Cp,s + u·Cp,l (J·kg−1·K−1) is the total heat capacity, where Cp,s and Cp,l are
respectively the dry and liquid specific heat capacity;

λ∗ = λ + hlkT (W·m−1·K−1) is the effective thermal conductivity with λ the dry
thermal conductivity, hl = Cp,l(T − T0) (J·kg−1) the liquid enthalpy;

Finally, γ = δvLv + hlkm (W·m−1·Pa−1) where Lv (J·kg−1) is the latent heat of vapor-
ization of liquid water.

The symbols and their units are gathered in the Nomenclature.

3.2.2. Model Validation

The reference test defined in the EN 15026 standard [65] for the validation of a software
calculating moisture transfer by numerical simulation is used to validate the model. The
model geometry consists of a single segment for the building component. Its size is large
enough to represent a semi-infinite region for the time scale of the simulation. A relative
humidity of 50% and a temperature of 20 ◦C are set as initial conditions, while on the left
boundary the relative humidity is set to 95% and the temperature is 30 ◦C. The time study
is performed over a year, with temperature and relative humidity distributions checked at
7, 30, and 365 days.

The temperature and moisture content profile (w) of the numerical simulation and
experiments at 7, 40, and 365 days are presented in Figure 17. The results showed a good
accordance between numerical simulation and experiments.
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Figure 17. Comparison of the water content (a) and temperature profiles (b) obtained numerically
(continuous lines) with those of the EN 15026 standard (triangles).

3.2.3. Results

The numerical simulations are performed for three different types of walls with
20 cm of thickness made of hemp concrete, RES, and clay brick. The main objective is to
compare the hydrothermal behavior of the above-mentioned materials with that of cob. The
hygrothermal properties of the materials, which are the input parameters of the model, are
presented in Table 2. The water content and the moisture storage capacity of each material
are obtained from the sorption isotherms presented in the characterization section.
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Table 2. Hygrothermal properties of the studied materials.

Materials Thermal Conductivity
(W·m−1·K−1)

Water Vapor Permeability
(kg·s−1·m−1·Pa−1)

Heat Capacity
(J·kg−1·K−1)

Dry Density
(kg·m−3)

Hemp concrete
[56,63] 0.1 2.85× 10−11 1150 484.56

Clay brick
[53] 0.41 1.63× 10−11 750 1980

Glass powder concrete
[52] 1.29 + 0.607 · w/1000 3.38 × 10−11 · exp(−5.998 · RH) 850 2290

RES 0.18 1.08 × 10−11 870 1654

Initially, the material is in equilibrium with a constant external environment equal
to T = 20 ◦C and RH = 50%. At the time t = 0, the new external climatic conditions are
T = 35 ◦C and RH = 90% at the left side (x = 0 cm) and the other side is assumed to be
adiabatic and impermeable (Figure 18 ).
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Figure 18. Boundary conditions of the comparison case study.

Due to the difficulty of measuring the hydraulic liquid conductivity, the phase change
criterion (PCC) method has been used [66]. This parameter represents the ratio between
the vapor flux and the total flux and is expressed as follows:

PCC =
δv·Pv

kl
Rρl
M T + δv·Pv,sat

(8)

From this expression, a relation between the PCC and the hydraulic liquid conductivity
is established:

kl =

(
1

PCC
− 1
)

δv·Pv
Rρl
M T

(9)

Figure 19 shows the influence of the PCC on the RH profile inside RES. It is noticed
that for PCC values less than 0.6, the influence of PCC is not very important, and the
mass transfer is essentially vapor transfer and liquid transfer is negligible. For cellulosic
wall, Wang et al. [66] have found that if RH is inferior to 60%, the PCC can be set at 1. In
this study, it has been arbitrarily set at 0.8 in order to consider the liquid diffusivity that
vanishes when PCC is equal to 1. The determination of the hydraulic conductivity could be
the purpose of another study.
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Figure 19. Influence of PCC on the RH profile inside RES.

The temperature and RH profiles in the wall for the three materials are presented in
Figure 20. Based on the RH profile, clay brick is the most conductive material for humidity,
followed by hemp concrete, RES, and GPC at the latter position. This result is due to
the value of the water vapor diffusivity, which is relatively higher for hemp concrete,
moderate for RES and clay brick, and low for GPC. In addition, the moisture storage
capacity of clay brick is very low (around 7 kg·m−3) compared to the higher values for
hemp concrete (280 kg·m−3) and RES (950 kg·m−3). This low moisture storage capacity of
clay brick combined with the moderate water vapor diffusivity explains the rapid diffusion
of moisture in clay brick. The high moisture storage capacity of RES and GPC delays the
moisture transfer in the wall.
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Figure 20. Relative humidity (a) and temperature profiles (b) inside the materials (hemp concrete,
cob, and GPC) after 72 h.

The tendency is inversed for the temperature profile. In fact, Cob had the best insu-
lation properties of the four materials, followed by clay brick and hemp concrete, then
comes GBC. It should be mentioned that despite the very high thermal conductivity of
GPC compared to HC, the temperature is only about 1 ◦C at 0.2 m. The same remark is
possible for RES, which has a higher thermal conductivity than HC but presents a lower
increase of temperature compared to HC.

In order to better describe the dynamic inside the materials, the evolution of RH and T
at 5 cm is presented as a function of time (Figure 21). As can be seen, from the temperature
curve, the equilibrium is reached after 24 h, 72 h, and 144 h for GPC, HC, RES, and clay
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brick, respectively. The response to temperature solicitation is very low for RES and clay
brick compared to the two other materials, which is explained by higher thermal inertia.
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Figure 21. Temporal evolution of RH (a) and temperature (b) at 0.05 m for HC, cob, and GPC.

After 168 h, the RH does not reach equilibrium for any of the three materials. The
simulations have been therefore extended to one year in order to have more representative
effects (Figure 22). After 3 months, the equilibrium is reached for CB. For HC, the equilib-
rium is almost reached after 1 year. However, for RES and GPC, the equilibrium is far from
being reached, with relative higher value for RES in comparison to GPC.
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From the numerical simulation, it appeared that RES provides the wall with a good
thermal inertia with acceptable moisture regulation ability.

4. Conclusions

In this work, a full hygrothermal characterization of cob raw earth material with 3%
of straw was presented. Raw earth materials are known for their good thermal inertia.
Nevertheless, their hygrothermal properties are not widely dealt within the literature. As
an application, we wanted to model the hygrothermal behavior of a building envelope
made of the studied material and to compare its behavior to other conventional materials
(clay brick, glass powder concrete) and biosourced materials (hemp concrete). The aim
was to highlight the advantages to use the studied material. This work therefore provides
results that will extend the databases and complete knowledge of the intrinsic properties of
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this kind of geosourced materials. Thermal conductivity, specific heat, sorption isotherms,
moisture buffer value (MBV), and water vapor permeability were deduced experimentally.
Next, the properties were used in a numerical prediction model as input parameters in
order to compare cob with other materials used in building sector.

At first it was highlighted that thermal conductivity of the studied formulation is
of 0.180 W·m−1·K−1. This value is slightly higher than that of hemp concrete, which is
about 0.1 W·m−1·K−1. Compared to conventional material such as concrete, cob thermal
conductivity is eight times lower. Regarding specific heat, a value of 875 J·kg−1·K−1

was determined at 23 ◦C for cob. This value is lower than hemp concrete, which is
equal to 1165 J·kg−1·K−1. Concrete has a value close to that of cob with a specific heat
of 855 J·kg−1·K−1. Thanks to sorption isotherms, the maximum adsorbed water was
measured. Cob and concrete have values almost equal with 4 and 5%, respectively. Hemp
concrete has a value between 12 and 16%. This can be explained by the high amount
of hemp shives in the material. Furthermore, hysteresis phenomenon appeared to be
more important for concrete and hemp concrete, but not for cob. Additionally, it has been
highlighted that moisture storage capacity of cob is approximately 7 times lower than
hemp concrete values and twice as low as concrete. MBV tests were carried out for cob
and compared with hemp concrete and concrete. A MBV of 1.4 g/(m2·%RH) was obtained,
which leads us to consider cob as a good moisture regulator. Hemp concrete has a MBV
higher than cob’s one. The latter is equal to 2.27 g/(m2·%RH) which defines this material as
an excellent moisture regulator. The same statement is not valid for concrete because of this
very low MBV that is worth 0.37 g/(m2·%RH). Thus, it is considered as a limited moisture
regulator. Finally, water vapor permeability tests were carried out. Cob and hemp concrete
have close values with 1.08 × 10−11 kg·s−1·m−1·Pa−1 and 2.85 × 10−11 kg·s−1·m−1·Pa−1,
respectively. Regarding concrete, its water vapor permeability value is much lower with a
value of 9.51 × 10−13 kg·s−1·m−1·Pa−1.

Thanks to the modeling part, it was highlighted that cob is less conductive for humidity
compared to hemp concrete and clay brick but more conductive than glass powder concrete.
This tendency is inversed for profile temperature. It was noticed that RES provides the
wall with higher thermal inertia than other compared materials. Additionally, it has been
shown that the kinetics of moisture transfer is slower for RES and glass powder concrete
than hemp concrete and clay brick.

In addition to the very interesting hygrothermal properties of cob, it is important to
underline that its environmental and carbon footprint is much lower than other material
used in this comparison [12], hence the interest to deepen the research on this theme.
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Nomenclature

Cp Specific heat capacity (J·kg−1·K−1)
RH Relative Humidity (%)
m Mass (g)
T Temperature (◦C)
u Water content of mass ratio (%)
w Water content (kg·m−3)
Cm Moisture storage capacity (%)
p Pressure (Pa)
kT Liquid water conductivity due to a thermal gradient (kg·m−1·s−1·K−1)
R Ideal gas constant (J·mol−1·K−1)
M Molar mass of water (g·mol−1)
C∗p Total heat capacity (J·kg−1·K−1)
hl Specific liquid enthalpy (J·kg−1)
kl Hydraulic liquid conductivity (kg·s−1·m−1·Pa−1)
km Total moisture diffusivity coefficient (kg·m−1·s−1·Pa−1)
Lv Latent heat of vaporization of liquid water (J·kg−1)
PCC Phase Change Criterion
Subscripts
s solid
l liquid
v vapor
sat saturation
Greek Symbols
ρ Density (kg·m−3)
λ Thermal conductivity (W·m−1·K−1)
λ∗ Effective thermal conductivity (W·m−1·K−1)
δ Water vapor permeability (kg·s−1·m−1·Pa−1)
γ Heat transfer by convection due to the vapor pressure gradient coefficient (W·m−1·Pa−1)
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