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b Serv Rech & Expertise Transformat Prod Fore (SEREX), Cégep de Rimouski, Amqui, Quebec G5J 1K3, Canada
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A B S T R A C T

Modern construction has a growing interest in geosourced materials for their low carbon footprint. This study 
aims to investigate the hygrothermal properties of two clay materials reinforced with wheat fibres using the 
traditional heavy cob technique for modern wood frame construction. The water absorption coefficients (αmat), 
water vapor permeability (δ), water vapor diffusion resistance (µ), moisture diffusivity (DW), moisture effusivity 
(bm), equivalent moisture penetration depth (dp1 %), specific moisture capacity (ζ), theoretical and experimental 
moisture buffer value (MBVexp and MBVtheo), porosity (η) and sorption isotherms were studied as a function of 
the fibre content in the samples of fibre percentages of 0 %wt, 3 %wt, and 6 %wt. The thermal conductivity (λ), 
heat capacity (Cp), thermal diffusivity (D), and thermal effusivity (E) were evaluated as a function of the moisture 
content. The results indicate that the moisture buffering capacity of the clay samples, with and without fibre 
reinforcement, is greater than 2 g/(m2. %RH). The open porosities of the samples varied from 20 % to 45 %, with 
specific moisture capacities from 0.014 to 0.031 kg/kg. The equivalent moisture penetration depth of the 
samples ranged from 2.17 cm to 2.68 cm. After the exposure of the cob wall containing 3 %wt fibre to tem-
peratures of − 5 ℃, 20 ℃, 35 ℃, and 45 ℃, the experimental results of the interior temperature of the wall varied 
between 19.5 ℃ and 23 ℃. It is therefore recommended to use cob containing at least 3 % or more fibre for wall 
construction in a real environment.

1. Introduction

Buildings and the construction sector account for nearly 40 % of CO2 
emissions related to energy and the material manufacturing process [1]. 
Buildings use various materials that consume energy and emit CO2 
throughout their life cycle, known as embodied energy and embodied 
carbon. With increasing urbanization, the number of residential build-
ings continues to rise, significantly impacting carbon emissions. Un-
derstanding the emissions from the construction sector [2] and the 
entire construction process, including extraction, manufacturing, 
transport, construction, and the building’s life cycle, contributes to 
identifying measures to reduce CO2 emissions [3]. Defining net-zero 
carbon and low carbon footprint construction also become crucial con-
cepts to achieve global climate goals [3]. The International Energy 
Agency (IEA) highlights the importance of government commitments 
and technological innovations to reduce carbon emissions in the con-
struction sector. Geo-sourced materials in modern building construction 
are becoming essential due to their low carbon footprint and 

recyclability [4–6].
Currently, clay stabilized with cement and with rammed earth rep-

resents modern traditional building techniques. The dynamic compac-
tion of the mixture in temporary boxes is most employed commonly for 
production bricks or designing rammed earth walls. Its use is widespread 
in Australasia, Asia, Spain, Germany, France, and Great Britain [7,8]. 
Raw earth is an abundant building material with low grey energy; it is 
locally available, easy to work, and meets several environmental sus-
tainability criteria. It has grown to become the most explored material 
for its integration into modern construction [9]. One of the main qual-
ities of earth materials is their ability to regulate internal humidity 
thanks to their hygroscopic properties [10–15]. The main drawback is 
their vulnerability when in contact with water [16]. Indeed, the addition 
of plant fibres such as flax, hemp, or wheat can increase the resistance of 
earth materials to moisture and adverse weather conditions [17]. These 
plant fibres are ecological and biodegradable, and present numerous 
advantages, in addition to being recyclable, much like earth materials. 
Although various methods are used to make earth materials, the 
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traditional technique of constructing with cob stands out for its 
simplicity and ecological character [18]. This technique generally in-
volves mixing earth, plant fibres, and water to obtain a malleable ma-
terial used to fill voids in timber-frame structure, commonly known as 
cob buildings [7]. The mixture must be plastic enough to adhere to the 
structure, but rigid enough to maintain its shape after drying [19].

Raw or stabilized earth containing a small quantity of cement can 
regulate the heat transfer but is not a very good insulator [20]. The 
stabilization of earth materials with cement limits their full recyclability 
at the end of their life [16,20], and affects their moisture retention ca-
pacity [21]. In agriculture, when wastes, also known as plant wastes, 
such as wheat fibre, rice fibre, corn fibre and cotton straw are present in 
large quantities, they pose a significant challenge because they can be 
potentially polluting to the environment [22]. These wastes are residues 
generated by the cultivation or raw processing of agricultural products. 
They can take the form of fibre or non-fibre materials and are available 
in abundant quantities almost throughout the globe [23]. Using plant 
fibres for reinforcement of earthen materials would improve the hydric 
properties of the latter while effectively removing the fibres from crop 
fields. Like raw earth, plant fibres are hygroscopic, renewable, and have 
a sustainable life cycle [9,24]. Earth reinforced with plant fibres pro-
duces little to no waste, has a very low or zero carbon footprint [25,26], 
and is part of hygroscopic composite materials [23]. The fibres are 
natural composites that are fully recyclable at the end of their life and 
their production requires local resources, little energy, and can be done 
at low cost. As these materials are hygroscopic, each element of a 
building designed with them is impacted by external moisture [27]. 
Managing the moisture of these elements is very energy intensive. To 
reduce the energy demand associated with this moisture management, 
these materials are increasingly being studied to improve their moisture 
properties. Poor moisture management can lead to fungal and mold 
growth in walls. If the moisture absorption/desorption of building ma-
terials is overestimated or underestimated, HVAC systems may need to 
be brought in to meet heating or cooling needs [28].

Africa is currently experiencing rapid population growth, which is in 
turn putting pressure on the housing stock, with demand being highest 
in the residential sector [29–31]. Many African countries are facing 
major housing-related challenges such as a lack of adequate infrastruc-
ture, slums, and high prices. There is currently a 51 million housing unit 
housing deficit on the African continent, and the number keeps 
increasing each year due to rapid population growth [32]. This housing 
crisis is particularly acute in countries such as South Africa and Djibouti, 
where rapid population growth and urbanization have created increased 
demand for affordable housing [33]. Authorities and stakeholders 
therefore have no choice but to implement effective housing policies 
promoting sustainable infrastructure development, while focusing on 
building affordable housing. Walls made of rammed earth with a 
wooden frame structure are soundproof, termite-resistant, and 
chemical-free, and the wooden frame provides good seismic resilience to 
the building structure [34,35].

To promote material in the construction sector, highlighting the re-
sults of laboratory tests evaluating its thermal and hydric performance is 
essential for proving its viability [36]. Assessing and quantifying the 
hygrothermal properties of cob allows for the preservation and 
enhancement of traditional construction techniques, while also facili-
tating the scientific documentation of its performance. This can position 
cob as a viable, ecological, and sustainable option for contemporary 
construction. Although several studies have explored the potential of the 
cob and discussed it in the works of Kamal Haddad [37], as well as some 
data on the thermal performance of 3D-printed cob [38], a compre-
hensive understanding of the formulation [39], its mechanical [40], and 
hygrothermal properties for cob formulated using the traditional tech-
nique for sustainable construction remains to be evaluated. Moreover, it 
is important to provide clear guidelines for preparing the cob mixture to 
facilitate the construction process of cob buildings and ensure their 
hypothermic performance [41]. A lack of information on all the 

hygrothermal properties of cob materials, formulated using the tradi-
tional cob production technique, has been observed. This lack is espe-
cially regarding the evolution of their behavior at 75 % humidity, the 
free saturation coefficient (water saturation in the free state), the hydric 
inertia coefficients (Dw and bm), the penetration degree (dp1 %), and the 
specific water capacity (ζ). These coefficients are essential for the 
hygrothermal simulation of wall systems in different climatic zones. 
Evaluating all hygrothermal properties of traditionally produced cob 
using advanced techniques leads to a better understanding of its 
behavior, providing objective data on its thermal and hygroscopic 
characteristics, thereby optimizing its overall performance while 
respecting traditional know-how. This approach can also contribute to 
beefing up the construction technique and paving the way to the rein-
tegration of cob in construction, particularly in a bid to meet energy 
efficiency and thermal comfort criteria in housing.

This article presents an experimental study of the influence of 
moisture content on the thermal and hygroscopic properties of wheat 
fibre-reinforced clay specimens manufactured using the heavy cob 
technique. Cob, as a natural material, has several sustainable advantages 
over conventional building materials [42]. This article examines the 
thermal conductivity, heat capacity, thermal diffusivity, and thermal 
effusivity of cob under varying moisture content, as well as the hydric 
properties of fibre-free and fibre-reinforced clay mixtures. The thermal 
performance of a mini-wall was also evaluated based on climatic data 
from Djibouti and Johannesburg, two African cities. The novelty of this 
work lies in the meticulous experimental evaluation of the hygrothermal 
properties and thermal performance of heavy cob, a traditionally made 
material that is easily reproducible on construction sites. This study 
presents comprehensive data on the hygrothermal properties of this cob 
in order to deepen the understanding of its hygrothermal behavior as a 
function of moisture content and to optimize its performance for sus-
tainable construction while respecting traditional know-how.

2. Materials and methods

2.1. Materials

For the fabrication of the test samples, two types of clay, red clay, 
and beige clay in powder ranging in size from 0 to 63 µm, and wheat 
fibres were used. Red (Redstone) and beige clays (Midstone) were from 
Plainsman (Alberta, Canada), and the wheat fibres were obtained from 
the Institut de Recherche et de Développement en Agroenvironnement 
(IRDA) in Quebec, Canada, respectively [4]. The red clay (RC) is a clay 
containing iron oxide with a plasticity index of 15 %, while beige clay 
(BC) contains more kaolinite with a plasticity index of 16 % [4]. The 
plasticity index was determined in accordance with Canadian standard 
CAN/BNQ-2501–090 [43], and details of this work are available in 
Kabore and Ouellet-Plamondon [5]. Both clays contain 43 % quartz, 
8.9 % kaolinite, and 2.2 % hematite for the red clay, and 25.8 % 
kaolinite and 0.1 % hematite for the beige clay [40]. The mineralogical 
composition was determined by X-ray diffraction (XRD), chemical 
analysis by X-ray fluorescence (XRF), and thermogravimetric analysis 
(TGA) using the Perkin Elmer STA8000 instrument, and the description 
of the methods is available in [40]. The particle size distribution and 
methylene blue value are available elsewhere [44]. For the tests in this 
study, three mixtures, with 0 %wt, 3 %wt, and 6 %wt fibre content, 
were prepared, with three replicates for each mixture, for every clay 
type, and for each test. The results for each property presented in this 
article are therefore the averages of three repetitions for each mixture. 
The fibre-free red and beige clay samples studied were made with a 25 % 
wt water/clay ratio. For the samples reinforced with 3 %wt and 6 %wt 
fibre, the fibres were first wetted with a water quantity corresponding to 
a water/fibre ratio of 205 %wt ± 15 %wt. This value was obtained from 
the water absorption test conducted on the fibres. The clay/water 
mixture was then made with 25 %wt water before the moistened fibres 
were added.
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The samples were produced using the traditional cob production 
method, which uses raw fibres without chemical treatment. These fibres 
had a length ranging from 0.4 cm to 40 cm. The mixing process was 
done manually, beginning with blending clay and water until a consis-
tent mixture was achieved. Subsequently, fibres were added to finalize 
the mix. A one-hour break was taken after the clay-water-fibre mixture 
was prepared to allow the entire mixture to reach moisture equilibrium 
before the samples were fabricated. A 254 × 254 × 25 mm3 rectangular 
formwork and a 30 mm height and 36 mm diameter cylindrical form-
work were used, depending on the type of test being conducted (Fig. 1). 
The formwork was filled and pressed by the hand, but without 
measuring the degree of compaction. This technique is commonly used 
for wood-frame structures. The specimens were dried in an oven set at 
30 ℃ for 10–11 hours after demolding to ensure maximum water 
removal before their exposure to 23 ℃ ambient laboratory air. More 
information can be found in the previous article [4].

2.2. Methods

2.2.1. Determination of water content and water absorption/desorption of 
fibres

Before the tests were started, the initial moisture content of the fibres 
was determined. The fibres were taken directly from the bags and dried 
in an oven at 50 ℃ for 2 hours. The moisture was first calculated for a 
drying time of 2 hours. Subsequently, the fibres were returned to the 
oven at the same temperature for 1 hour to verify that they were 
completely dry before determining the initial moisture content. The 
moisture content obtained between these two drying intervals was 0 %. 
The moisture content of the fibres was calculated using Eq. 1 [45]. 

wi =
mwet − mdry

mdry
∗ 100% (1) 

where wi is the initial water content in %, mwet is the mass of the sample 
before drying (fibre taken directly from the bag) in grams (g), and mdry is 
the mass of the sample after drying in grams (g).

For the water absorption and desorption test, the wheat fibres were 
cleaned with distilled water and dried in an oven at 50 ℃ for 4 hours 
before testing. The fibres were then separated into three 5-gram samples 
for the water absorption test, according to the ASTM D2654 guidelines 
[46] referenced in a previous study, to determine the water absorption 
of the flax and hemp fibres [47]. Each sample was completely immersed 
in distilled water at different temperatures (23, 40, and 50 ℃). Some 
tests were performed at room temperature (23 ℃). For the tests con-
ducted at 40 ℃ and 50 ℃, each sample was submerged in distilled 
water, and then placed in an oven set to the respective temperature. The 
containers were closed to prevent surface drying of the fibres. The 
weight of wet fibres was measured at regular intervals until saturation of 
the fibres (constant mass). To assess a fibre’s ability to release absorbed 

moisture during testing, all samples were exposed to ambient laboratory 
air at a temperature of 23 ℃ and relative humidity ranging from 40 % to 
50 % after the water absorption test, following saturation. The samples 
were weighed every 2 hours until completely dry (back to the initial 
mass before the water absorption test). Water content absorbed or lost at 
time t is calculated by applying Eq. 1.

2.2.2. Density and open porosity measurements
The open porosity of the samples was determined by combining the 

gas pycnometer method using helium and the non-wetting oil immersing 
method (olive oil). The open porosity of a porous material refers to the 
proportion of voids in the material that are interconnected and acces-
sible from the outer surface. The oil test method was performed by NF 
ISO 5017 [48]. The gas pycnometer used for the measurement of the 
solid density and solid volume of the samples is an effective tool for 
determining the true density and the true volume (density and volume of 
the material without pores) of porous materials. The apparent density of 
a porous material is the density of the solid material, including the pores 
it contains. The true or solid density of a porous material, on the other 
hand, is the density of the solid portion of the material. In this study, a 
ULTrapyc 5000 gas pycnometer was used to determine the true density 
and the true volume of clay without fibres and with 3 %wt and 6 %wt 
fibre. The instrument was calibrated at a helium pressure of 20 psi and a 
temperature of 23 ◦C. Three samples 30 mm in height and 36 mm in 
diameter were made with the same mixture, for a total of nine samples. 
Before the solid and void volumes were measured, the samples were 
dried in an oven at 60 ◦C for 24 hours. To determine the void volume, 
the dried samples were first saturated with non-wetting oil under vac-
uum in a desiccator for 24 hours at a pressure of 80 kPa. This allowed the 
oil to replace the air in the open pores without interacting with the 
samples. Fig. 2 illustrates the steps for determining the open porosity of 
the samples.

The volume of the oil-filled voids was determined by the ratio of the 
mass of the oil to the density of the oil. Eq. 2 was used to determine the 
open porosity: 

η =
Vvoids

Vvoids + Vtrue
∗ 100% (2) 

where η is the porosity open (%), Vvoids are the void volumes (m3) and 
Vtrue is the true volume, I.e., the volume of the material without pores 
(m3).

2.2.3. Thermal properties
The thermal properties of three different mixtures (0 %wt, 3 %wt, 

and 6 %wt fibre content) were initially measured in a dry state, with 
three replications for each mixture. For this, samples were dried in an 
oven at 105 ℃ for 48 hours. Two weighing were performed at 24 hours 
intervals, and a mass difference of less than 0.01 % was observed before 

Fig. 1. Sample preparation protocol of earth and cob blocks developed.
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testing. The tests were performed sample by sample to avoid moisture 
recovery with an MTPS (transient plane source modified) instrument 
according to the ASTM D7984 standard [49]. Further tests were per-
formed on samples conditioned at ambient laboratory temperature and 
relative humidity (23 ℃ and 50 % RH), and with a sodium chloride 
(NaCl) solution, giving a relative humidity of 75 % RH at a 23 ℃ tem-
perature. The water content that was either absorbed by the samples was 
measured before the tests. These measurements were aimed at observing 
the influence of moisture on the thermal properties of fibre-reinforced 
clay materials.

2.2.4. Water absorption test
Two methods were used to evaluate the water absorption capacity or 

relative humidity of the materials manufactured for this study, in 
accordance with ISO 15148 [50]. 

− Capillary absorption method (partial immersion): this test consisted 
of partially immersing the samples in a jar containing water for 
24 hours. The change in the mass of each sample was determined by 
weighing it at given time intervals, and the water absorption was 
determined by Eq. 3.

− Moisture absorption method: a salt solution was prepared with so-
dium chloride (NaCl) to obtain a saturated solution, enabling 
maintaining the relative humidity at 75 ± 0.4 %, and the tempera-
ture at 23 ± 1 ℃ during the tests. The samples were then dried at 105 
℃ in an oven for 48 hours. The first weighing was done at the 24- 
hour drying mark, and a second weighing was carried out 24 hours 
after the first one. The difference in mass between the two weighing 
was 0.01 %. The samples were then placed in a sealed container with 
a tray containing the saturated sodium chloride (NaCl) solution and 
conditioned for 48 hours before the water content absorbed by the 
samples was measured.

αmat =
mwet − mdry

mdry
∗ 100% (3) 

where αmat is the water absorption coefficient in %, mdry is the mass of 
the sample in a dry state in g, and mwet is the mass of the sample in a 
wet state in g.

2.2.5. Water vapor permeability and resistance factor
The measurement of water vapor permeability was determined by 

the wet and dry cup methods according to the ASTME96 standard [51]. 

− Dry cup: the samples were sealed in a cup containing a desiccant 
(silica gel) that maintained the relative humidity of the atmosphere 
in the cup at 0 % RH, leaving a small air space between the desiccant 
and the samples (Fig. 2a).

− Wet cup: the samples were sealed in a cup containing distilled water 
that maintained the relative humidity of the atmosphere in the cup at 
100 %RH, leaving a small air space between the distilled water and 
the samples (Fig. 2b).

The test chamber was maintained at a constant temperature of 23 ℃ 
± 1 ℃ and a relative humidity of 50 % RH ± 2 % RH. The sample and 
the cup assembly were then placed in an apparatus equipped with a 
balance for periodic sample mass measurements that determined the 
rate of water vapor movement through the sample into the desiccant or 
to the controlled chamber atmosphere. Fig. 3 shows the samples’ water 
vapor permeability measurement principle.

At equilibrium, the water vapor permeability (δ) was then deter-
mined by Eq. 4 and the water vapor diffusion resistance (μ) by Eq. 5: 

δ =
G ∗ e

ΔPv
(4) 

μ =
δa

δ
(5) 

where ΔPv is the water vapor pressure difference in Pa [10] (Eq. 6): 

ΔPv = (HR1 − HR2) ∗ 610.5 ∗ e(
17,269∗T
237,3+T ) (6) 

where e is the thickness of the sample in m, G is the water vapor 
transmission rate

G =
Δm/Δt

S in kg/(m2s) [51], S is the average surface area of the 
exposed sample in m2, Δm is the weight change in kg, Δt is the time 
interval during which water vapor transmission occurred in s, δa is the 
water vapor permeability of water (2.10− 10 kg/(m2.s. Pa)), and T is the 
temperature in K.

2.2.6. Moisture buffer value
Moisture buffer values (MBV) were measured using the NORDtest 

protocol [52]. Measurements were made on 254 × 254 × 25 mm3 

(10-inch x 10-inch x 1-inch) samples. Prior to testing, the samples were 

Fig. 2. Open porosity measurement.

Fig. 3. Water vapor permeability measurement principle: a) dry cup and b) 
wet cup.
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sealed on all sides with aluminum tape except for one side and then 
conditioned at 23 ℃ ± 5 ℃ and 50 % RH ± 5 % RH. After moisture 
equilibrium, the test samples were placed in a climate chamber and 
exposed to several cycles of relative humidity (8 h at 75 % RH and 16 h 
at 33 % RH). The equilibrium criterion was a period long enough for the 
mass of the samples to stabilize such that the difference between two 
successive determinations (24 hours apart) of the mass was within 
0.01 %. The MBV of the samples at each cycle was calculated by Eq. 7: 

MBV =
Δm

A(75%RH − 33%RH)
(7) 

where MBV is the moisture buffer value in g/(m2. %RH), Δm is the mass 
variation (water sorption/desorption) of the samples during the period 
of high or low relative humidity in g, and A is the surface of the sample 
m2.

2.2.7. Sorption, desorption isotherm curves, and specific moisture capacity
The Dynamic Vapor Sorption (DVS) method based on the ISO 12571 

standard [53] was used for the tests (Figure S1). Samples (three per mix) 
of 0 %wt, 3 %wt, and 6 %wt fibre, 62 mm in diameter and 23 mm thick, 
were placed in a climate chamber on one side of a microbalance (DVS2 
from SMS Ltd., UK). The relative humidity of the climate chamber varied 
in successive steps from 20 % to 95 % RH in 15 % RH increments. The 
microbalance device controlled the temperature (set at 23 ± 0.5 ℃) and 
humidity around the sample placed in a basket suspended from the 
weighing system. The mass of the samples was measured at regular in-
tervals. Moisture equilibrium was reached when the mass variation did 
not exceed 0.0005 % for each moisture level.

The specific moisture capacity (ξ), which represents the slope of the 
moisture retention curve between 35 % and 75 % RH, assumed to be 
linear, was determined by Eq. 8 from the experimental sorption data. 
The moisture effusivity (bm) and moisture diffusivity (Dw), which are 
used to evaluate the moisture transport in building materials under a 
saturating vapor pressure gradient, were calculated by Eqs. 9 and 10
using the vapor permeability value obtained by the wet cup method 
[52]: 

ξ =
dw

dRH
(8) 

bm =

̅̅̅̅̅̅̅̅̅̅̅̅
δ.ρ0.ξ
Pvs

√

(9) 

Dw =
δ.Pvs
ρ0ξ

(10) 

where dw is the difference in water content, dRH is the difference in 
relative humidity, δ is the water vapor permeability determined by the 
wet cup method, ρ0 is the dry density, Pvs is the saturation vapor 
pressure, depending on the test conditions and calculated by Eq. 11, and 
Pa is the atmospheric pressure: 

Pvs = Pae

(

13.7− 5120
T(23℃)

)

(11) 

The theoretical moisture buffer value (MBVtheor) and the equivalent 
moisture penetration depth (dp1%) in a porous material were calculated 
by Eqs. 12 and 13. These coefficients are simplified approaches used to 
evaluate the moisture variation capacity of building materials [52]: 

MBVTheor = 0.00568.Pvs.bm
̅̅̅̅
tp

√
(12) 

dp1% = 4.61
̅̅̅̅̅̅̅̅̅̅̅̅̅
Dw.tp

π

√

(13) 

where Pvs is the saturation vapor pressure, bm is the moisture effusivity, 
tp (s) is the period corresponding to 24 hours, Dw is the moisture 

diffusivity.

2.2.8. Statistical test
The data presented in this article are shown as means ± standard 

deviation (SD) of three or more independent replicates. All results pre-
sented in tables and figures were subjected to a one-factor ANOVA for 
groups of more than three or to a paired samples t-test. The t-test is a 
statistical method used to compare paired means in a specific manner. 
Individual means were compared to identify significant differences with 
a α-value of 0.05, and a significant difference is observed for p less than 
the α-value (p < 0.05).

2.2.9. Indoor temperature and humidity in cob on a wall element
Measurements of temperature variations through the mini-walls 

were conducted on 80 cm width, 80 cm length, and 15 cm thickness 
walls. Before testing began, the walls were preconditioned at a tem-
perature of 20 ◦C and a relative humidity of 50 % in a climate chamber. 
Testing began once the temperatures and humidity of the mini-walls had 
stabilized. The biclimatic chamber used for experimental thermal per-
formance testing is an EXCAL 7713-HA + 7723-HA model from the 
manufacturer CLIMATS, and it consists of two chambers, one for simu-
lating indoor conditions in terms of temperature, and the other for 
outdoor conditions. The operating principle of the biclimatic chamber is 
to monitor the thermal behavior of a wall sandwiched between the two 
chambers using a sample holder. Temperature sensors are placed at 
various positions within the wall thickness (on the interior surface, 
exterior surface, and in the middle), allowing the characterization of the 
wall’s thermal performance. The testing and sensor placement proced-
ure is identical to the procedures described in the work of Sawadogo 
et al. [54] using the same equipment. The two cities studied, Djibouti 
with temperatures ranging from 20 ◦C to 45 ◦C, and Johannesburg with 
temperatures between − 5 ◦C and 35 ◦C were chosen due to the suitable 
temperature range of these two cities. City information was obtained by 
purchasing climate data from the Weather API [55]. Djibouti has higher 
temperatures, with a maximum of 45 ◦C, while Johannesburg has lower 
temperatures, reaching − 5 ◦C. To start the measurements, the outdoor 
temperature was set at 20 ◦C and − 5 ◦C for the winter session and 45 ◦C 
and 35 ◦C for the summer session, for Djibouti and Johannesburg 
respectively. Inside the enclosure, the temperature was maintained at 20 
◦C. This experimental measurement procedure was used to validate the 
results obtained from numerical data by Sawadogo et al. [54]. The 
purpose of this measurement in this study is to evaluate the capacity of 
the cob wall with 3 %wt fibres to transfer heat or lose heat from the 
interior side of the wall when the external temperature is high or low. 
Table 1 illustrates the outdoor and indoor conditions defined for the 
temperature and relative humidity measurements of the outside, middle, 
and inside walls, and Figure S2 in the supplementary document shows 
the equipment and the experimental wall. The measurements were 
conducted during seven consecutive days.

3. Results and discussions

3.1. Water absorption and desorption of fibres

Fig. 4 shows the evolution of the water absorbed by the fibres for 
60 hours at different temperatures. The results of the water absorption 
test show that 25 minutes after being put in water, the fibres absorb 
about 205 ± 15 % of water compared to their initial mass, and the water 
absorption continues until saturation (60 hours) at room temperature 
(23 ℃). When the ambient temperature increases, the amount of 
moisture absorbed by plant fibres also increases. The temperature 
significantly influences the water absorption rate, with higher temper-
atures promoting water diffusion within the fibres. This can be 
explained by the fact that wheat fibres have very high capillary forces, 
which are impacted by the geometry of the fibres’ pores [56]. Alfa fibres 
absorbed between 156 % and 640 % of their mass in water after 
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saturation [57]. A recent study has demonstrated that pineapple fibres 
can absorb 268 % of their dry mass in water when immersed in water for 
one hour [58]. Other studies have also shown water absorption values 
ranging from 63 % to 300 % for different plant fibres [58,59]. The high 
water absorption of plant fibres is explained by their porous structure 
and the presence of hemicelluloses [57]. The drying times of fibres were 
evaluated in the present study and the results are presented in Figure S3
in the supplementary document. The complete saturation of the fibres 
took about 48 hours, while the drying time was 20 hours for all samples 
exposed to ambient laboratory air, a temperature of 23 ◦C, and a relative 
humidity ranging from 40 % to 50 % RH. The complete loss of water in 
the wheat fibre structure was relatively fast. This property allows the 
composite materials (fibre-reinforced clays) to keep the building ele-
ments (wood framing) durable and to prevent moisture from building up 
in the wall for several days during heavy rainfall. Figure S3 shows the 
evolution of mass loss of wheat fibres during drying.

3.2. True density and open porosity measurements

Fig. 5 presents the results of the samples’ bulk density and true 

density measurements. The bulk density decreases significantly with 
increasing fibre content in the mixtures as compared to the solid density 
determined by the gas pycnometer. The fibre-free red and beige clay 
samples studied had a dry bulk density from 2016 ± 17 kg/m3 to 1956 
± 16 kg/m3. The average dry bulk density of the samples with 3 %wt 
fibre varied between 1662 ± 41 kg/m3 and 1588 ± 39 kg/m3, while for 
the samples with 6 %wt fibres, it varied between 1454 ± 66 kg/m3 and 
1315 ± 54 kg/m3. The average density of the solid material was 
2738 kg/m3 to 2555 kg/m3 for the red clay samples and from 2671 kg/ 
m3 to 2489 kg/m3 for the beige clay samples. This represents a 7 % 
decrease in density for a 6 %wt fibre content in the solid matter for both 
types of clay. This observation is supported by previous research [9,60, 
61]. The significant difference observed between the average bulk 
density and the average solid density is presented in Fig. 4 by Δ(density). 
This difference in density becomes more significant for samples con-
taining 3 %wt and 6 %wt fibre. As more fibres are added, Δ(density) 
increases. This can be explained by the increase of voids in the material 
due to the presence of fibres.

Fig. 6 presents the trends between the accessible porosity and bulk 
density of the samples. The bulk density decreases with the open 
porosity (correlation coefficient 0.99 for the red clay and 0.999 for the 

Table 1 
Boundary conditions for experimental measurements on the wall element.

Cities Outside wall Inside wall

Winter Summer Winter and summer

Temperature 
(◦C)

Relative humidity (%) Temperature 
(◦C)

Relative humidity (%) Temperature 
(◦C)

Relative humidity (%)

Djibouti 20 ± 1 90 ± 2 45 ± 1 30 ± 2 20 ± 1 50 ± 2
Johannesburg − 5 ± 1 90 ± 2 35 ± 1 25 ± 2

Fig. 4. Evolution of water absorption rate of wheat fibres as a function of 
immersion time and temperature.

Fig. 5. True and apparent density of the (a) red and (b) beige clay samples.

Fig. 6. Open porosity variation versus bulk density.
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beige clay). The average accessible porosity results are 20.6 % and 
20.1 % for the red and beige clay samples without fibres, respectively. 
For the fibre-reinforced samples, a significant increase in porosity as a 
function of the bulk density of the samples was observed. The values 
obtained for the two types of clay of the same mixture are close, 37.1 % 
and 39.1 % for the red and beige samples reinforced with 3 %wt fibre, 
respectively. The porosity of red and beige clay samples reinforced with 
6 %wt fibre was found to be 45.4 % and 44.4 %, respectively. A decrease 
in porosity followed by an increase in density can be explained by the 
fact that the clay particles feed the pores of the mixture, thus reducing 
the quantity of open pores in the materials without fibre reinforcement 
[62]. Porosity values ranging from 21.7 % and 41.6 % of compressed 
earth bricks, correlating with a density ranging from 2194 kg/m3 and 
1607 kg/m3, respectively, were reported in [63]. Similarly, porosity 
values between 38 % and 44 % were documented for clay materials 
reinforced with olive pruning waste, with the density ranging from 
1669 kg/m3 to 1409 kg/m3 [60]. Other research has also shown that 
porosity in clay materials increases with a higher proportion of fibres or 
plant aggregates, consequently affecting the bulk density of these ma-
terials [64,65].

The integration of fibres into earth materials increases porosity by 
reducing the compaction pressure, which decreases density and the 
contact between clay particles. Fibres act as spacers, creating larger 
voids and enhancing open porosity. They also form bridges between 
particles, strengthening the structure and preventing pore collapse. 
These structural modifications increase open porosity while reducing 
the bulk density of the samples. The high correlation coefficients 
confirm a strong relationship between density and open porosity, 
directly linked to the fibre content in the samples.

3.3. Influence of relative humidity on thermal properties

To evaluate the influence of moisture content on the thermal prop-
erties of clay and cob materials, all dry clay and cob samples were 
subjected to a relative humidity of 50 % RH and 75 % RH at 20 ◦C for 
48 hours. The results of the measured water content are presented in 
Table 2 and represent the average of three samples per mixture. Figs. 7 
and 8 illustrate the variation of thermal property values as a function of 
water content obtained from measurements performed with the modi-
fied transient plane source method according to ASTM D7984 [49]. The 
water content has a great impact on the thermal properties of the sam-
ples. Samples made with a 6 %wt fibres content tend to absorb more 
moisture than samples with 3 %wt and 0 %wt fibre content. This ability 
to absorb more water vapor may be attributed to the increased pore size 
caused by the presence of fibres in the clay matrix [66]. A 3.8 % water 
absorption led to an increase in thermal conductivity three times higher 
than the thermal conductivity obtained in the dry state for samples with 
6 %wt fibre. The thermal conductivity of the other mixtures varied be-
tween 0.75 and 1.18 W/(m.K) and between 0.52 and 0.72 W/(m.K) for a 
water content from 3.1 % to 3.6 % for the mixtures without fibre and 
with 3 %wt fibre, respectively. These findings align with previous 
studies [65,67,68]. Additionally, research on earth samples with varying 
fibre content has shown that the thermal conductivity changes in rela-
tion to the amount of water absorbed by samples. This effect of water 

content on thermal conductivity was noted in studies involving clay 
samples with different sand compositions, as well as hemp and pith 
samples [69,70].

The specific heat of the fibre-free and fibre-reinforced red clay 
samples increased significantly with increasing water content, in 
contrast to the beige clay samples reinforced with 3 %wt and 6 %wt 
fibre. For the red clay samples, an increase of 11 % was observed for 
mixtures without fibre, 5 % for mixtures with 3 %wt fibre, and 9 % for 
mixtures with 6 %wt fibre. The beige clay samples reinforced with 3 % 
wt fibre showed a gradual decrease in their specific heat by 9 %, fol-
lowed by an increase. In contrast, those reinforced with 6 %wt fibre 
initially exhibited a slight decrease in their specific heat of about by 2 %, 
before increasing by 8 %. The results obtained on the coefficients of 
thermal inertia (thermal diffusivity and effusivity) show that the values 
of the two coefficients increase with an increase in the water content of 
the material (Fig. 8). These values are higher than the values obtained on 
dry samples in previous studies [10,71]. The values of all the thermal 
properties mentioned in this article increase globally with the water 
content, but in different ways for each type of mix, and depending on the 
quantity of fibres present in the mix. This is due to the presence of fibres 
in the samples creating larger voids in their structure. In high humidity 
conditions, the air within the sample voids is replaced by water vapor, 
increasing the thermal properties of these materials. The higher the fibre 
content in the material, the greater its tendency to absorb water vapor 
(Table 2).

The absorption of water by clay and cob samples leads to an increase 
in their thermal conductivity, which reduces their effectiveness as in-
sulators by facilitating heat transfer through the material. Moreover, the 
increase in water content also affects the specific heat capacity of the 
samples. In the case of red clay samples, this specific heat capacity in-
creases significantly, suggesting a better heat storage capacity. Howev-
er, this can also lead to a slower response to temperature variations, 
impacting thermal regulation [72]. Furthermore, the increase in thermal 
diffusivity and effusivity in the presence of moisture indicates that cob 
can adapt more quickly to temperature changes. The presence of fibres 
in the material’s structure increases pore size, promoting greater ab-
sorption of water vapor. This characteristic can enhance the material’s 
ability to regulate indoor humidity, but it comes at the expense of its 
insulating efficiency under high humidity conditions [62].

3.4. Hydric properties of samples

To assess the water performance of the cob, red or beige clay mixes 
with 3 %wt and 6 %wt fibre were used with a control mix without fibres. 
Their water vapor permeability, water vapor resistance factor, moisture 
buffer value (MBV) and sorption/desorption curve were evaluated.

3.4.1. Water absorption
Earthen building materials are sensitive to water. However, contact 

between water and the building envelope is often unavoidable. Labo-
ratory tests to assess the degree of vulnerability are performed either by 
immersion or by capillary action. In the present work, the results of a 
capillary test and at 75 %RH exposure tests are presented. Fig. 9 shows 
the curves representing the variation of the capillary water absorption 
coefficient and moisture absorption obtained as a function of the fibre 
content in the samples. The coefficient of capillary water absorption and 
moisture absorption increases with increasing fibre content. The in-
crease in water and moisture absorption of the fibre-reinforced samples 
can be explained by the hydrophilic nature of wheat fibres, which can 
absorb more water. Raw plant fibre-reinforced earth materials absorb 
more water when exposed to moisture than materials without fibre [73, 
74]. Capillary absorption tests conducted on samples reinforced with 
date palm fibres stabilized with 5–8 % cement have shown that the 
water absorption coefficient increased with an increase in fibre content 
in the material [23]. The same was observed for samples exposed at 
75 %RH in this study.

Table 2 
Water content absorbed for a 48 hours exposure at 50 % RH and 75 % RH.

Reference Test condition and absorbed water content (%)

Fibre (%wt) 50 % HR and 23 ºC 75 % HR and 23 ºC

RC 0 1.19 ± 0.08 3.09 ± 0.08
3 1.26 ± 0.08 3.58 ± 0.04

BC 6 1.31 ± 0.01 3.78 ± 0.07
0 0.91 ± 0.01 2.24 ± 0.02
3 1.00 ± 0.08 2.30 ± 0.07
6 1.24 ± 0.10 2.69 ± 0.03
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3.4.2. Water vapor permeability and resistance factor
Table 3 and Fig. 10 show the mean values and standard deviations of 

the water vapor permeability and water vapor resistance factor of clay 
samples without and with fibre. The test results indicate that the water 
vapor permeability and the water vapor resistance factor depend mainly 
on the nature of the clays. The t-tests comparing the means of the data 
confirmed that the differences are significant (n = 9, α = 0.05, p-value =
0.03 and 0.002 (dry method) and p-value = 0.003 and 0.02 (wet 
method), Table S2, supplementary information). The studied samples 
have a water vapor permeability that allows them to be a natural 
moisture regulator. These properties are therefore very beneficial for the 
wood/cob construction. The water vapor permeability (δ) and vapor 
diffusion resistance factor values of the clay samples are comparable to 
data on earth bricks obtained by other authors [10,75]. The results of 
water vapor permeability and water vapor resistance factor obtained by 
the dry cup method do not show a significant influence of adding plant 
fibres in the production of cob for all samples (n= 6, α = 0.05, p-value =
0.5, Table S3, for supplementary information). However, with the wet 
cup, this difference is visible. According to some authors, the transfer of 
liquid in smaller pores has a major impact on the macroscopic transport 
of water in materials [76–78]. Water can be retained in small pores by 
capillarity, thus leading to an increase in water movement resistance 
through the materials. Our samples, being made using the traditional 
technique of cob production, can result in the creation of larger pores 
after drying due to the presence of fibres (fibre/clay matrix interfaces). 
This can explain the decrease in water permeability of the samples 
reinforced with fibres in our study, thus increasing resistance to vapor. 
The results from this study for fibre-reinforced clay samples are 

consistent with those reported by previous research, where samples 
reinforced with 3 %wt and 6 %wt barley straw also showed similar 
values [10]. The addition of fibre leads to an increase in the water vapor 
diffusion resistance factor [9,10]. However, other authors have obtained 
water vapor permeability values that increase with the fibres increase 
[79]. Therefore, the μ and δ values of composite materials are dependent 
on the type of fibres used in their fabrication and the method of fabri-
cation of the composite materials.

3.4.3. Moisture buffer value
Fig. 11 shows the average moisture buffer value (MBV) of each 

mixture with and without fibres. The experimental moisture buffer 
values (MBVexp) of the samples are excellent. The MBV of the red clay 
samples without and with 3 %wt fibre is higher than that of the beige 
clay. On the other hand, with 6 %wt fibre in the mix, the MBV values of 
the beige clay samples are higher than those of the red clay. The samples 
formulated without fibre reinforcement have higher moisture buffer 
values than those reinforced with 3 %wt and 6 %wt fibre. The MBV 
values of all samples obtained after the tests are excellent according to 
the NORD test criterion (value greater than 2 g/(m2.%RH)) [52]. The 
average results are 6.04 g/(m2. %RH) and 4.22 g/(m2. %RH) for the 0 % 
wt fibre samples (red and beige clay, respectively), 5.53 g/(m2. %RH) 
and 2.78 g/(m2. %RH) for the 3 %wt fibre samples and 3.19 g/(m2. % 
RH) and 4 g/(m2. %RH) for the 6 %wt fibre samples, respectively.

The effect of fibres on MBV in earthen materials reinforced with 3 % 
wt and 6 %wt barley straw was studied by Laborel-Préneron et al. [10], 
and a 21 % decrease in MBV was observed with the addition of 6 %wt 
barley straw. In the present study, adding 6 %wt wheat fibre to red clay 

Fig. 7. Variation of thermal conductivity and specific heat with water content of (a, c) red clay samples and (b, d) beige clay samples.
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samples resulted in a 47 % reduction in MBV value, while beige clay 
samples only led to a 5 % reduction. This is due to the influence of the 
fibres on the water vapor permeability and density of the samples. These 
coefficients are two major factors of the MBV value of the building 
materials.

3.4.4. Sorption/desorption isotherms
Fig. 12 shows the sorption/desorption curves determined for the 0 % 

wt, 3 %wt, and 6 %wt fibre samples and Table 4 shows the hydric 

properties determined according to the equations in Section 2.6. These 
properties represent the ability of materials to absorb and release 
moisture when a change in relative humidity occurs in their environ-
ment. The observed difference in Fig. 12d can be attributed to the use of 
shorter fibres in the fabrication of the beige clay samples containing 3 % 
fibres, compared to the first samples tested (results in Figs. 12a, 12b, 
12c, 12e, and 12f). This modification results in a more pronounced 
hysteresis phenomenon than in the other absorption/desorption curves. 
This phenomenon is often related to the geometry of the pores, where 

Fig. 8. Variation of diffusivity and thermal effusivity with water content of (a, c) red clay samples and (b, d) beige clay samples (b, d).

Fig. 9. Water and moisture absorption at a temperature of 23 ℃, (a) exposure to water for 24 hours and (b) exposure to 75 % RH for 48 hours.
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the voids are interconnected by narrower passages, due to the short 
length of the fibres used in the formulation of these samples. The 
theoretical moisture buffer values (MBVTheor), moisture effusivity (bm), 
moisture diffusivity (Dw), and equivalent moisture penetration depth 
(dp1 %) values were calculated considering the moisture capacity (ξ) 
between 33 % and 75 %RH.

All red clay samples have higher experimental and theoretical MBV 
values than beige ones. The experimental MBV values are significantly 
higher than the theoretical MBV values obtained. The ANOVA test also 
showed a significant difference between the experimental and theoret-
ical data (n = 6, α = 0.05, p-value = 0.001, Table S4, for supplementary 
information). This can be explained by the fact that ideal experimental 
conditions are rarely met, and film resistance due to the limited air layer 

on the sample exchange surface can affect measurement results [80]. 
The buffering capacity of construction materials helps to moderate in-
door humidity fluctuations and reduce relative humidity peaks inside 
buildings [10,28,81]. Research has shown that the moisture buffering 
value is affected by the thickness of materials [82]. Understanding 
moisture buffering in materials is important for building design and 
energy efficiency considerations. The moisture diffusivity (Dw) and 
moisture effusivity (bm) decrease with the fibre content, in contrast to 
the specific moisture capacity (ξ), which increases with increasing fibres 
in the mixture.

The equivalent moisture penetration depth (dp1 %) represents the 
minimum thickness that allows an uncoated wall to easily benefit from 
the moisture buffering effect to regulate the inside humidity [83]. In the 

Table 3 
Average value of water vapor permeability and water vapor resistance.

Dry condition Wet condition

Fibre (% 
wt)

δ x 10− 11 (kg/ 
s⋅m⋅Pa)

µ δ x 10− 11 (kg/ 
s⋅m⋅Pa)

µ

RC 0 1.53 ± 0.05 14.52 ±
0.59

6.41 ± 0.20 3.57 ±
0.04

3 1.40 ± 0.05 15.11 ±
0.39

4.57 ± 0.01 4.64 ±
0.17

6 1.65 ± 0.05 14.71 ±
0.38

4.55 ± 0.90 5.32 ±
1.20

BC 0 1.18 ± 0.08 20.00 ±
1.35

4.75 ± 0.20 4.95 ±
0.11

3 1.53 ± 0.20 16.08 ±
2.48

3.32 ± 0.19 7.40 ±
0.39

6 1.27 ± 0.12 17.67 ±
0.91

3.53 ± 1.15 7.37 ±
3.36

Fig. 10. Average values of water vapor permeability and water vapor resistance of (a and c) red and (b and d) beige clay samples.

Fig. 11. MBV moisture buffer value of cob and clay materials.
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context of building materials, the degree of moisture penetration is an 
important factor to consider to prevent issues such as water damage, 
mold growth, and structural decay. Controlling the equivalent moisture 
penetration depth is crucial for maintaining the integrity and longevity 
of buildings [52,84]. However, the available information on this 

coefficient in the literature only pertains to earth plasters without fibre 
additives for earth-based materials, specifically, in a study cited as [85]. 
In that study, the effect of adding fibres to clay samples was evaluated, 
and it was found that such an addition did not influence the equivalent 
moisture penetration depth (dp1 %). Understanding the equivalent 

Fig. 12. Sorption/desorption curves for (a, c, and e) red and (b, d and f) beige clay samples.

Table 4 
Calculated hydric properties and experimental for MBVexp.

Fibre (%wt) ζ (kg/kg) bm (kg/m2. Pa. s½) Dw (m2/s) dp1 % (cm) MBVTheor (g/m2⋅%HR) MBVexp (g/m2⋅%HR)

RC 0 0.198 
± 0.0006

9.57×10− 07 

± 4.79×10− 08
4.49×10− 09 

± 7.63×10− 10
2.27 
± 0.12

4.47 
± 0.17

6.05 
± 0.01

3 0.0277 
± 0.0054

8.64×10− 07 

± 8.69×10− 08
2.80×10− 09 

± 4.75×10− 10
2.24 
± 0.05

4.04 
± 0.05

5.53 
± 0.21

6 0.0306 
± 0.0010

8.37×10− 07 

± 9.83×10− 08
2.95×10− 09 

± 5.19×10− 10
2.17 
± 0.18

3.91 
± 0.34

3.19 
± 0.11

BC 0 0.0145 
± 0.0005

6.93×10− 07 

± 3.86×10− 08
4.70×10− 09 

± 9.35×10− 10
2.47 
± 0.14

3.24 
± 0.19

4.22 
± 0.09

3 0.0232 
± 0.0019

6.61×10− 07 

± 3.52×10− 08
2.52×10− 09 

± 1.58×10− 10
2.68 
± 0.10

3.09 
± 0.17

3.02 
± 0.63

6 0.0242 
± 0.0010

6.47×10− 07 

± 1.06×10− 07
2.98×10− 09 

±7.49×10− 10
2.29 
± 0.10

2.78 
± 0.37

4.00 
± 0.08
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moisture penetration depth is crucial for selecting an appropriate wall 
thickness that optimizes the moisture buffering capacity of clay-based 
construction materials and other similar materials [85].

Fig. 13 shows the influence of relative humidity on the hydric 
properties of the samples. The specific moisture capacity, MBV, and 
moisture effusivity values of the samples show an increase in the 
50–95 %RH relative humidity range. However, within the same relative 
humidity range, the moisture diffusivity decreases. These observed 
trends align with previous research, indicating that an increase in fibre 
content in samples leads to a decrease in both moisture diffusivity and 
moisture effusivity [80,83,86,87].

Fig. 14 shows the evolution of the equilibrium water content as a 
function of relative humidity. The sorption and desorption processes 
were very fast for each humidity step. From 20 % to 95 %RH, it took 50 
days to reach the end of the sorption test and less than 50 days to lose the 
relative humidity absorbed during the test. Equilibrium is reached when 
the variation in the mass of the test samples does not exceed 0.0005 % 
for each humidity level. The attainment of equilibrium moisture content 
over time for samples subjected to increasing and decreasing relative 
humidity demonstrates that the response of the samples to a change in 
relative humidity is quite rapid and that equilibrium moisture values 
stabilize within four to eight days. These samples are capable of 
releasing the absorbed moisture during the sorption tests in less than 
eight days for each 15 % reduction in relative humidity at each interval 
(Fig. 14). This shows that these samples can easily regulate indoor hu-
midity. No mold was observed during the tests (Visual inspection at each 

humidity level), which indicates that cob materials can regulate mois-
ture up to 95 %RH without damage. The test results show an increase in 
the moisture absorbed by the samples without fibres as compared to the 
samples made with fibres. Its increase may be due to the fact that the 
small pores, with a higher specific surface area per unit volume, are 
favorable for water absorption [88].

3.5. Cob and interactions with humidity

The correlation between the variation in thermal and hygroscopic 
performance of clay and cob samples is complex and closely linked to 
moisture content and the presence of fibres (Figs. 7 and 8). Samples with 
a higher fibre content (6 % wt) show an increased capacity to absorb 
moisture (Table 2), which increases thermal conductivity. This effect is 
due to the enlargement of pores created by the fibres, allowing water 
vapor to replace air. When samples are exposed to a relative humidity of 
50 % and 75 %, their capacity to absorb water increases, significantly 
influencing their thermal properties.

The increase in thermal conductivity due to moisture temporarily 
improves heat transfer through the material. This can be beneficial for 
thermal comfort in winter, as it allows for better heat distribution. 
However, this same characteristic can lead to excessive heat loss in 
winter and overheating in summer, thus reducing the overall energy 
efficiency of the building. Meanwhile, the specific heat of the samples 
also varies according to fibre and moisture content, with significant 
increases (Figs. 7c and 7d). A high thermal capacity allows the material 

Fig. 13. Evolution of hydric properties with an increase in relative humidity: a) specific moisture capacity, b) moisture buffer value, c) moisture diffusivity, and d) 
moisture effusivity.
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to store more heat, which can improve indoor thermal stability.
Regarding hygroscopic properties, the addition of fibres decreases 

water vapor permeability (Table 3) due to capillary retention in small 
pores, which increases resistance to vapor diffusion. Reduced perme-
ability is beneficial for preventing excessive moisture penetration, but it 
can also limit the material’s ability to breathe, which is crucial to avoid 
moisture accumulation and potential material degradation. The 

moisture buffer value (MBV) is also affected by fibre content. Red clay 
samples without fibres exhibit higher MBV values than reinforced ones 
(Fig. 11), which aligns with previous research showing that adding fi-
bres can reduce MBV by increasing resistance to vapor diffusion. 
Overall, the correlation between thermal and hygroscopic performance 
of the samples is strongly influenced by fibre composition and water 
content, highlighting the importance of these factors in the design and 

Fig. 14. Variation of the water content at equilibrium with increasing or decreasing relative humidity.

Fig. 15. Evolution of cob walls temperatures: a) dry season and b) cool season for City of Djibouti and c) dry season and d) cool season for City of Johannesburg.
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optimization of clay and cob-based construction materials for optimal 
energy efficiency and moisture regulation.

3.6. Outside and inside temperatures in cob wall: experimental result

This section focuses on evaluating the temperature evolution of the 
outside, middle, and inside surfaces of a cob wall with 3 %wt fibres. The 
thermal and hydric properties of the wall material are detailed in Sec-
tions 3.3 and 3.4 of this article. Fig. 15 illustrates the temperature 
variation on the outside, middle, and inside surfaces of the cob wall 
during winter and summer. The external temperatures are set at 20 ◦C 
and − 5 ◦C for Djibouti and Johannesburg, respectively in winter, and 45 
◦C and 35 ◦C for the same cities in summer. The measurements spanned 
168 hours, which is equivalent to one week.

For the City of Djibouti, the outside wall surface temperature varied 
from 33 ◦C to 43 ◦C in the dry season (Fig. 15a), and between 20.3 ◦C 
and 20.4 ◦C in the cool season (Fig. 15b). On the inside wall surface, 
temperature varied between 21 ◦C and 23 ◦C. The maximum tempera-
ture of 23 ◦C was recorded at 8 p.m. on the first and third days of 
measurement before decreasing again (Fig. 15a). These phenomena 
were also observed for the middle wall temperatures when the exterior 
surface temperature of the wall dropped sharply to 33 ◦C and 39 ◦C 
(Fig. 15a). This phenomenon occurred due to a drop in the exterior 
environment temperature, set at 45 ◦C, caused by an air leakage issue, 
leading to a significant decrease in the exterior surface temperature of 
the wall during this period. For the City of Johannesburg, the outside 
wall surface temperature varied between 33.7 ◦C and 34 ◦C during the 
dry season (Fig. 15c) and between − 1.4 ◦C and − 1.3 ◦C during the cool 
season (Fig. 15d), an almost invisible, practically negligible variation. A 
slight temperature fluctuation was also observed on the inside surface of 
the wall during the dry season (from 21 ◦C to 21.1 ◦C) and during the 
cool season (from 19.5 ◦C to 19.6 ◦C), compared to the outside tem-
perature set at 35 ◦C during the dry season and − 5 ◦C during the cool 
season (Figs. 15c and 15d).

In the middle of the wall, the temperature variation was almost 
negligible, indicating that the heat transfer through the wall was very 
slow, except for the temperature drop observed in Fig. 15a. Fire resis-
tance studies of composite earth materials have shown their ability to 
withstand fire and slow down heat penetration toward the unexposed 
face [89–92]. In-situ tests for cold climates have also provided reliable 
results for clay brick walls reinforced with plant fibres [90]. This can 
explain the low heat transfer towards the interior or the middle of the 
wall in our study.

These results show that a 15 cm thick cob wall exposed to low 
temperatures of − 5 ◦C or high temperatures of +45 ◦C can maintain an 
inside temperature range of 19.5–23 ◦C for one week. The cob materials 
manufactured for laboratory tests may be suitable for construction sites 
due to their ease of large-scale production. Furthermore, the test walls 
have demonstrated good consistency between the wooden support and 
the cob materials made in the laboratory in terms of adhesion and non- 
detachment of the wooden supports and the material.

4. Conclusion

This study presents a series of experimental analyses of thermal 
properties as a function of moisture content and hygroscopic behavior of 
samples with different relative humidity. The fibres were wetted before 
being used to make the samples. Clay mixture samples with 3 %wt and 
6 %wt fibre yielded interesting hygrothermal properties thanks to their 
ability to regulate high relative humidity without the risk of mold due to 
the presence of fibre. The effect of relative humidity on hygrothermal 
properties can therefore be summarized as follows. 

• The thermal conductivity, specific heat, thermal diffusivity, and 
thermal effusivity increase with increasing water content. This 
phenomenon is attributable to the fact that the pores of the samples 

filled with air in the dry state are replaced by water vapor when 
exposed to increasing relative humidity.

• The moisture content of the samples reaches equilibrium around 
4–8 days after the change in relative humidity, showing that the 
fibre-reinforced and fibre-free samples regulate the relative humidity 
well. Sorption tests showed that samples with 3 % and 6 % fibre can 
be exposed to very high relative humidity (80–95 %) for more than 
two weeks without risk of mold after a visual inspection.

• The samples studied exhibit an excellent moisture buffer value 
greater than 2 g/(m2. %RH). This coefficient decreases for relative 
humidity between 20 % and 50 %RH and increases in relative hu-
midity between 50 % and 95 %RH. The same trend was observed for 
the coefficients of specific moisture capacity and moisture effusivity, 
except that moisture diffusivity decreases with increasing relative 
humidity.

• Analysis of variance (ANOVA) and t-tests were used to demonstrate 
that the two clays have different hygrothermal behaviors. Also, the 
fibre content was confirmed to have a significant effect on hydric 
properties. However, the addition of fibres did not have an impact on 
the water vapor resistance factor (µ) and equivalent moisture pene-
tration depth (dp1 %) of all samples. The influence of surface film 
resistance on water vapor permeability was not considered in this 
study and is currently under investigation in our future work.

• The findings of the study on the 15 cm thick cob wall demonstrated 
its ability of cob to maintain a comfortable indoor temperature range 
of 19.5–23 ◦C for one week, even when exposed to extreme tem-
peratures of − 5 ◦C and +45 ◦C. These composite materials are suit-
able for constructing walls with a 15 cm or greater thickness. Their 
excellent thermal and moisture inertia make them an ideal choice for 
filling timber-frame structures, offering an effective solution for 
sustainable and eco-friendly construction. Furthermore, these ma-
terials are cost-effective and have the potential to significantly 
reduce energy consumption in buildings, resulting in affordable, low- 
carbon footprint, and healthy structures.

The water vapor permeability determined for all samples in this 
study is the apparent water vapor permeability, thus it does not consider 
the influence of surface film resistance. It would therefore be necessary 
to evaluate the actual water vapor permeability of cob materials and 
their evolution depending on the water content to observe their reaction 
to external humidity and its influence on moisture buffer values. All the 
results presented in this article pertain to the cob formulated with wheat 
fibres. Therefore, it is necessary to conduct a comprehensive evaluation 
of cob made with other plant fibres, using the same formulation tech-
niques, in order to expand their use in the construction field.
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