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Abstract  This study focuses on the valorization of 

peanut shell waste. The crushed peanut shells are used in 

this study to reinforce the composite construction materials 

based on local clay. Grain size tests and methylene blue 

tests were carried out on the soil studied to verify the 

recommended Craterre's limits. The results show that the 

soil satisfies these conditions for adobe construction. A 

series of 10×10×2.6 cm3 samples of this new composite 

was developed using different mass fractions of peanut 

shells. The thermal conductivity and diffusivity of studied 

samples were determined using the hot plate method and 

flash method, respectively. The obtained results show that 

the addition of 9% of the peanut shells can decrease the 

thermal conductivity and diffusivity of clay material from 

0.623 W.m-1.K-1 to 0.323 W.m-1.K-1 and 4.8 m2.s-1 to 3.5 

m2.s-1, respectively, which confers to this eco-friendly 

construction material the thermal insulation quality. In 

addition, a thermal dynamic simulation was performed on 

the thermal behavior of a traditional building located in the 

high Atlas Mountains in South Eastern Morocco 

demonstrating how traditional architecture and composite 

clay materials affect thermal comfort and building energy 

use in response to outside temperature and humidity 

variations. 

Keywords  Earth Material, Thermal Properties, 

Eco-Friendly Materials, Adobe, Thermal Comfort 

1. Introduction

The building is considered an energy-consuming sector,

accounting for almost half of total consumption, and 

generates very large quantities of greenhouse gases. The 

reduction of this consumption is at the heart of the 

preoccupations of the builders who inscribe their reflection 

within sustainable development or of high environmental 

quality. The achievement of these objectives leads to the 

appearance of passive solutions, which were developed by 

strongly increasing the insulation of the various 

components of the envelope to prevent maximum heat loss 

to the outside. Until now, building construction techniques 

have been based on the use of different materials, each with 

its purpose. However, the diversity of materials is 

becoming less interesting because of the high cost and 

living space. This has encouraged builders and researchers 

to develop new construction techniques to improve the 

thermal, mechanical, and acoustic properties of materials, 

which contribute to reducing their environmental impact 



3452 Thermal Behaviour Assessment of a New Local Clay-Based Building Material  

and Peanut Shell Waste: Experimental and Numerical Approaches 

for sustainable development [1-3], and lower the energy 

bill. Among these materials, local materials are often 

abundant and not exploited, which can play a role as 

thermal insulators while maintaining sufficiently 

high-performance levels. The awareness of the reality of 

climate change and the need for sustainable housing are 

acute and resonate with the soft, sustainable, balanced, and 

local approaches developed around local materials. In 

addition, the use of plant fibers has two main advantages as 

reinforcement in composite materials such as logs. First of 

all, natural, vegetable, and animal fibers are widely 

available locally at low cost, but they are not very 

exploitable. Their use in the construction industry, 

therefore, constitutes new outlets. On the other hand, the 

valorization of vegetable fibers allows the reduction of 

environmental impacts compared to the use of polymer 

fibers given their renewable character, neutral concerning 

CO2 emissions, and low energy consumption during 

production. Many studies and research have been 

performed on the development of local materials. Dejeant 

et al. [4] offer a succinct and instructive exploration 

encompassing the advantages, raised inquiries, and 

necessary prerequisites related to the utilization of local 

materials in France, Africa, and internationally. Alongside 

showcasing instances of technical remedies, illuminated 

through an overview of potential resources (bio-based and 

sourced) inherent to the relevant territories, the initiative 

furnishes analytical components to assess the ramifications 

of localized, streamlined production processes. Arenas et al. 

[5] delve into the utilization of unprocessed esparto grass 

as an ecologically responsible sound-absorbing medium. 

The study encompasses assessments of the 

sound-absorption coefficient under normal incidence and 

the airflow resistivity of three distinct variants of esparto 

grass sourced from diverse geographical origins. To 

comprehensively assess the impact of plastic waste on the 

behavior of clayey soils, an experimental study was 

conducted by Soltani-Jigheh [6]. A series of mixtures 

involving clayey soil and varying proportions of plastic 

waste (ranging from 0.25% to 2.0% by weight) were 

meticulously prepared. Compacted specimens were 

meticulously crafted, and after saturation and consolidation 

procedures, undrained triaxial tests were diligently 

executed on these specimens. The outcomes derived from 

the triaxial tests unveil a clear correlation between the 

quantities of plastic waste within the mixtures and crucial 

soil properties such as undrained shear strength and pore 

water pressure. Consequently, this approach aligns with the 

principles of sustainable geotechnical engineering and 

serves to contribute to environmental cleanliness. The 

study performed by Parlato et al. [7] introduces the 

utilization of Sheep wool fibers (SWF) extracted from the 

fleece of domestic sheep as a means of reinforcing rammed 

earth-building elements. The incorporation of these natural 

fibers into the composition of earth-based construction 

materials offers the advantage of augmenting their tensile 

strength, ductility, impact resistance, and toughness, while 

concurrently mitigating drying shrinkage. To accomplish 

this objective, an extensive experimental investigation 

involving over 180 fibers was undertaken to ascertain the 

fundamental mechanical properties essential for their 

applicability as reinforcement agents. The work of 

Hernández-Olivares et al. [8] presents an empirical 

analysis of an innovative composite material known as 

cork–gypsum composite. The study demonstrates the 

inherent compatibility between cork and plaster, revealing 

the potential for generating a variety of new construction 

materials by blending these substances in varying 

proportions. The mechanical attributes of the cork–gypsum 

composite have been quantified through experimentation. 

Additionally, the acoustic absorption coefficient and 

thermal conductivity of this novel composite have been 

empirically determined and are provided for design 

considerations. Charai et al. [9] reveal a beneficial 

influence of sawdust on the thermal characteristics of 

earthen blocks. Notably, the introduction of 10% sawdust 

content leads to a reduction in the thermal conductivity of 

the 30% composite, concurrently enhancing the thermal 

resistance of the earthen building envelopes by 31%, all 

while contributing to a decrease in overall density. This 

implies that sawdust holds potential for application in the 

production of intelligent lightweight bricks. Leveraging 

these empirical findings, a thermodynamic analysis of a 

residential structure was conducted using Energy-Plus 

software. The results underscore that the integration of 

clay-sawdust composites can yield a noteworthy reduction 

in energy consumption for both conventional and 

traditional residential buildings, resulting in energy savings 

of 21% and 5.3%, respectively. 

Another ecological construction material based on clay 

and olive waste was highlighted by Lamrani et al [10]. The 

same authors studied the effect of adding peanut shells on 

the thermal properties of plaster, the obtained results show 

an improvement in thermal conductivity of 53% 

corresponding to 20% of peanut shells, which proves the 

possibility of using the composite as a ceiling or wall 

coating [11]. Izemmouren and Guettala [12] investigated 

the influence of sand content on the durability of 

compressed earth bricks. Two types of crushed sands were 

used for stabilization by correction of soil grain size. The 

results showed that the dry and wet mechanical strengths 

increased with increasing sand content. Millogo et al. [13] 

examined the stabilization of lateritic soil with kenaf fibers 

produced in Burkina Faso in the formulation of 

compressed adobe blocks. These blocks were reinforced 

with fiber contents of 0.2 to 0.8 % by weight in two lengths 

(30 mm and 60 mm). The results indicate that the presence 

of kenaf fibers improves the physicomechanical 

performances of the blocks. Khedari et al. [14] investigated 

bricks based on lateritic clay compressed and stabilized by 

coconut fibers. The results indicate a slight decrease in 

compressive strength. The authors justified this decrease in 
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strength by fiber volume fraction, fiber dimensions, and 

surface conditions. Thus, increasing the coconut fiber 

content leads to a decrease in bond stress, resulting in a 

reduction in compressive strength. Olivier and El Gharbi 

[15] carried out a study on earth blocks stabilized with sisal 

fibers and found that the interface between the mortar and 

the blocks has a negative influence. The authors tried to 

ameliorate this interface using sisal fibers as an additive in 

the compressed earth blocks matrix. They also evaluated 

the advantages of using sisal. Eko et al. [16] studied soil 

reinforcement using a mixture of cement and bagasse plant 

fiber. In their study, they used 5-10% by weight of cement 

and 5-15% by volume of bagasse fiber. They reported an 

improvement in unconfined compressive strength at 28 

days with increasing cement content, until reaching a 

maximum of 5 MPa, even though an increase in fiber 

volume is considered detrimental to strength development. 

Bouhicha et al. [17] used different contents and lengths of 

chopped barley straw to reinforce four different types of 

soils without chemical stabilizers, to study the possibility 

of improving their properties. Characterization results have 

shown the importance of incorporating straw to minimize 

shrinkage and improve the compressive, flexural, and shear 

strength of materials. In a study to develop a direct tensile 

test on CEB with renewable fibers, Mesbah et al. [18] state 

that the benefits of using natural fibers as reinforcement in 

the compressed earth block include both improved tensile 

ductility compared to a block without reinforcement and 

inhibiting the propagation of tensile cracks after their 

initial formation. According to the authors, it appears that 

the fibers do not have a beneficial impact on the behavior 

of the material before cracking. Khedari et al. [19] found 

that the thermal conductivity of coir-stabilized compressed 

earth blocks decreases with increasing fiber content and 

that this decrease reaches a significant rate which is on the 

order of 50%. 

El Azhary et al. [20-22] carried out a thermophysical 

experimental characterization to evaluate the thermal and 

physical properties of the local earth and coating materials 

of the Rissani earth of Morocco. A dynamic thermal 

simulation is accomplished to reveal the impact of 

orientation and traditional building architecture on the 

thermal behavior and energy efficiency of conventional 

buildings under the climatic conditions of the city of 

Rissani and without using any heating or cooling systems. 

Ouakarrouch et al. [23] performed the thermal behavior 

and durability analysis of new biobased construction 

material from plaster coating and chicken feather waste. 

The outcomes were used to carry out a dynamic thermal 

simulation on a typical Moroccan residential construction. 

This research study aims to develop and characterize the 

thermophysical properties of new composite construction 

material from raw clay and peanut shell fibers which are 

ecological, sustainable, and renewable products, and to 

improve the thermal performances of adobe bricks. The 

earth material subject of this study first underwent particle 

size analysis and methylene blue value tests showing its 

verifications at the limits recommended by Craterre's work 

[24]. The characterization of thermophysical parameters is 

based on the use of modern metrological methods such as 

the hot plate method in steady state regime and Flash 

methods in transient regime to determine respectively the 

thermal conductivity and diffusivity. Then, a thermal 

simulation was performed on a traditional construction 

built from this new composite material, to evaluate its 

thermal performance. The thermal characterization 

parameter is used as input data for the thermal dynamic 

simulation of a traditional building located at Midelt to 

analyze thermal performances and comfort under weather 

conditions in both summer and winter without utilizing 

heating or cooling systems. In the end, the simulations used 

to determine the best composite material showed that it 

effectively lowered indoor temperatures in the summer and 

provided good thermal comfort in the winter. 

2. Physical and Chemical 
Characterization 

The raw materials used in the present study are earth 

materials and peanut shells (Fig. 1): 

 

Figure 1.  Used materials: (a) Clay, and (b) Peanut shells 

2.1. Peanut Shells 

The peanut shells are used to represent natural 

ecological waste. Fig. 2 shows the micrograph of a peanut 

shell at different scales, a microporous morphology of the 

particle was observed, which justified the potential for air 

confinement by increasing the material’s thermal 

resistance [25]. 

2.2. Earth Material 

The local earth material extracted from the Atlas region 

in Morocco constitutes the binding phase of the composite 

construction. The earth material studied is intended for the 

realization of adobe walls, we referred to the work of 

Craterre [24] to know the recommended limits of the 

implementation of adobe. Fig. 3 shows the texture and 

plasticity diagrams of these limits for the implementation 

of Adobe. 
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Figure 2.  Micrograph of a peanut shell at different scales 

 

Figure 3.  Diagrams of the limits recommended for the implementation of Adobe [26] 

The grading curve of the soil intended for adobe must 

belong to the grading range whose main characteristics are 

2-10% of gravel, 32-58% of sand, 8-16% of silt, and 8-26% 

of clays. 

To determine the granular composition of the soil 

studied, we proceed to the granulometric analysis test 

according to the European Norm EN 933-1 and EN 933-2. 

The principle consists of separating the agglomerated 

grains of a known mass of material by stirring underwater, 

to fractionate this soil, once dried, using a series of sieves 

and to weigh successively the cumulated refusal on each 

sieve. The mass of accumulated rejection on each sieve is 

related to the total dry mass of the sample submitted to the 

analysis.  

Another test based on the use of blue methylene makes it 

possible to estimate the activity of the clayey fraction of 

soil by measuring the internal and external surface of the 

clayey grains. To do this, molecules of methylene blue are 

fixed on the grains of clay, and by a simple test, one 

evaluates the quantity of fixed blue (Fig. 4). One deduces 

from it the blue value of the soil, or VBS, which constitutes 

an essential indicator in the classification of the soils (Fig. 

5). 

Fig. 6 shows the chemical composition of the clay 

determined using the fluorescence method. These are 

lamellar materials constituted by the stacking of sheets 

involving an interstratification of layers formed mainly of 

silica (59.6%) and alumina (22.4%). This family resembles 

the vermiculite clays (Mg, Ca)0.7(Mg, Fe, Al)6(Al, 
Si)8O22(OH)4.8(H2O) except that here the interstitial space 

is occupied by K2O, TiO2 and P2O5. 

The X-ray diffraction (XRD) technic is considered one 

of the most adopted techniques for the quantitative and 

qualitative study of clay minerals. Fig. 7 shows the 

diffraction spectrum to determine the crystallographic 

structure of clay from the Atlas region where the traditional 

modes of implementation are the adobe. 
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Figure 4.  Methylene Blue test device 

 

Figure 5.  Distributing the soils according to the values of methylene blue 

 

Figure 6.  The chemical composition of the clay studied by the fluorescence method 

59.60%
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0.97%
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83.20%

45.80%

5.34%

SiO2 Al2O3 Fe2O3 MgO CaO K2O TiO2 P2O5 p.a.f
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Figure 7.  X-ray diffraction spectrum of clay from the Atlas region 

3. Approach to Sample Preparation 

The prepared samples are made of clay mixed with 

peanut shells (p.s) at different volume fractions. 

By a standardized sieving process, the particle sizes 

were selected between 2.5 and 5 mm. After several tests 

(Fig. 8), the preparation of the clay paste with normal 

consistency is found with a water mixing rate of 0.3: 

 

Figure 8.  Consistency test on a ball of earth 

The prepared particle of the peanut shell is incorporated 

in the wet clay and mixed. Then the mixture is put in 

parallelepipedic molds. The samples are molded after 24 

hours and left to air dry for 4 days. A reference clay sample 

(without additives) is prepared to show the influence of 

peanut shell incorporation on the thermal properties of the 

clay matrix. Fig. 9 represents the macroscopic aspect of the 

four samples A, B, C, and D made of clay-peanut shell 

composite with respectively 2%, 5%, 7%, and 9% mass 

fractions of peanut shells. 

 

Figure 9.  The macroscopic aspect of the fabricated composite 

These samples were dried in the oven to near zero 

moisture content (dry state). Then, they were stored in 

plastic bags to keep them dry state. 

4. Analytical Approach and 
Experimental Protocol to Determine 
Thermal Properties 

4.1. Hot Plate Method in Steady-State for Thermal 

Conductivity Determination 

The determination of thermal conductivity is based on 

the use of the steady-state hot plate method [27]. Fig. 10 

shows the method’s experimental device. The studied 

sample having the dimension of 100× 100×26 mm3 was 

set on a heating element. To increase the generated heat 

flow through the sample, polyethylene foam is placed 

under the heating element. Three thermocouples (T0, T1, 

and T2) were glued in three different places in the center of 

the heating element and the top and bottom faces of the 

sample. To reach the steady state, the whole is placed 

between two aluminum blocks of the same dimensions. 
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(a) 

 

(b) 

Figure 10.  (a) Schematic of the model system; (b) The experimental 

device of the Hot Plate method 

Using a voltage generator, a voltage U is imposed on 

the terminals of the heating element, generating a uniform 

heat flux ϕT whose components ϕ1 and ϕ2 pass through the 

sample to be characterized and the reference sample, 

respectively. 

We can write: 
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Where: U designates the voltage imposed on the 

terminals of the heating element, e1 is the characterized 

sample thickness. λ2 = 0.043 W/(m. K) and e2 =10mm are 

the thermal conductivity and thickness of the reference 

material (insulating material) respectively.  

The heat flux crossing the sample is assumed 

uni-dimensional. Lateral heat losses and thermal contact 

resistances are neglected. Once the steady state is realized, 

the characterized sample’s thermal conductivity λ is 

calculated using the equation (4). 

 
 













20

2

10

TT
eRS

U

TT

e

i

i


          (4) 

4.2. Analytical Models of Effective Thermal 

Conductivity of Two-Phase Heterogeneous 

Materials 

In the literature, there are several theoretical models for 

analytical thermal conductivity prediction dedicated to the 

composite materials of two-component heterogeneous 

materials: a continuous base medium called a matrix and a 

discontinuous component called particles [28,29]. The 

effective thermal conductivity is always between the 

thermal conductivity of the solid medium λs and the 

conductivity of the fluid medium λf. These models are 

more widely used than numerical models in many 

applications because of their physical basis, fast 

computational costs, and reasonable accuracy. The 

effective thermal conductivities are calculated using the 

following equations. 
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with: 𝜆𝑃.𝑆 and 𝜆𝑐𝑜𝑛𝑡 designate the thermal conductivity 

of the dispersed component (peanut shell) and the 

continuous component (clay), respectively, and 𝑦 is the 

volume fraction of the dispersed component. 

4.3. The Flash Method in the Transient Regime 

The flash method in the transient regime is a standard 

method for the material’s thermal diffusivity determination 

[30]. The method is described in Fig. 11. A high-power 

light flux ϕ (t) is sent to the front side of the material to be 
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characterized for a short period, and the back side 

temperature evolution T(t) is recorded using a 

thermocouple. The temperature evolution of the unheated 

side T(t) is recorded using a K-type thermocouple. The 

sample must be perfectly isolated from the surrounding 

environment and the light flux must be generated 

uniformly so that the heat transfers are uni-dimensional. 

 

(a) 

 

(b) 

Figure 11.  The flash method: (a) method schematic diagram (b) 

Experimental device 

The flash method’s mathematical modeling is based on 

the resolution of the heat transfer equation in Laplace 

space considering the assumption of a unidirectional heat 

transfer, taking into account the heat losses on the front 

and back sides of the sample. 
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       (10) 

𝜃 (x,p) designates the Laplace transform of the 

temperature rise T(x,t) – T0, with the initial temperature 

T0 equal to the ambient temperature at t=0. 

The quadruple formalism was adopted to determine 

the Laplace transformation of the temperature rise 

expression on the sample unheated side [31]. 

𝜃2(𝑝) =  
𝜙0

𝑝

(1−𝑒−𝜏𝑝)

𝜆𝑘𝑠𝑖𝑛ℎ(𝑘𝑒)+2ℎ𝑐𝑜𝑠ℎ(𝑘𝑒)+ℎ2sinh (𝑘𝑒)

𝜆𝑘

      (11) 

With: 

𝜙0 : is the flux density absorbed on the sample front 

face (x=0) (W/m2) 

𝜏 : the duration of flash impulsion (s) 

𝑝 : parameter of Laplace 

a and 𝜆 designate respectively the thermal diffusivity 

and conductivity of the sample, 𝑘 = √
𝑝

𝑎
 . 

The Hoog algorithm [32] used inverse numerically the 

expression of the theoretical temperature of the back side 

as a function of time Tth (t). The Levenberg–Marquardt 

algorithm [33] was implemented for the estimation of the 

unknown parameters by minimization of the squared 

deviation between the experimental and theoretical 

temperature as represented by equation (12). Finally, a 

special script for this numerical model has been developed 

in Matlab language. 

Ψ = ∑ (𝑇𝑒𝑥𝑝(𝑡𝑖) − 𝑇𝑡ℎ𝑒𝑜(𝑡𝑖))2𝑁
𝑖=0         (12) 

5. Results and Discussion 

5.1. Raw Earth Material Identification 

The results of the granulometric analysis are shown in 

Fig. 12. It can be concluded that the grading curve of the 

studied soil is well within the recommended limit by the 

Craterre standards. 

 

Figure 12.  The granulometric curve of the soil used 

The result obtained from the methylene blue test is 

grouped in Tab. 1. The studied soil is classified as clayey 

loam soil and remains within the acceptable limit with 

stabilization and above all has not reached the exclusion 

limit according to the conditions stipulated by the 

Parasismic regulations for earthen construction RPCT2011 
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[34]. 

Table 1.  Result of the methylene blue test 

Methylene blue value (VBS) Classification of the studied soil 

2.61 Clay loam soil 

5.2. The Density of the Samples 

Three measurement trials were performed for each 

prepared sample and the mean value was taken, which 

allows the measurement error to be taken into 

consideration. The bulk density of studied samples was 

carried out knowing their dry mass and dimensions. The 

relative error is less than 0.3% (Table 2). The results show 

that the bulk density decreases with increasing peanut shell 

content which provides a lightness to the produced material. 

The volume proportion y of peanut shell fiber in every 

sample is deducted from the law of mixtures for a 

two-phase medium: 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑦. 𝜌𝑝𝑒𝑎𝑛𝑢𝑡 𝑠ℎ𝑒𝑙𝑙𝑠 + (1 − 𝑦)𝜌𝑐𝑙𝑎𝑦       (13) 

5.3. Thermal Conductivity 

The results are validated by performing three 

measurement tests. Using the hot plate method in a 

steady-state regime, to statistically approve the results. 

Table 3 shows the average thermal conductivity values of 

the studied materials with different additive contents. 

These results allow noting a decrease in the mean value 

of thermal conductivity (Fig. 13) of studied materials with 

an increase of mass fraction in additives which makes the 

composite material thermally efficient. We also note that 

the relative error of measurement remains less than 3%, 

showing the reliability of the used method. 

Table 2.  Density results of manufactured samples and volume fraction of peanut shells 

Measurement series  ρ (kg.m-3) 
∆𝛒

𝛒𝐦𝐨𝐲

 (%) 
Volume fraction 

y 

Sample D 

1 1456.04 0.056 0.336 

2 1458.72 0.240 0.331 

3 1450.90 0.296 0.338 

 Mean 1455.22  0.335 

Sample C 

1 1663.75 0.055 0.211 

2 1661.14 0.101 0.214 

3 1663.60 0.046 0.214 

 Mean 1662.83  0.213 

Sample B 

1 1746.33 0.027 0.166 

2 1748.32 0.087 0.163 

3 1745.75 0.060 0.163 

 Mean 1746.80  0.164 

Sample A 

1 1905.89 0.03 0.070 

2 1906.24 0.048 0.073 

3 1903.80 0.080 0.073 

 Mean 1905.31  0.072 

Pure Clay of Atlas 

1 2027.95 0.008 

2 2028.64 0.025 

3 2027.80 0.060 

 Mean 2028.13  

The density of peanut shells was taken from the work of Lamrani et al. [13] ρpeanut shells = 316.02 (kg/m3).  
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Table 3.  Thermal conductivity results 

Measurement series  λ (W/(m.K))       
∆𝛌

𝛌𝐦𝐨𝐲

 (%) 

 1 0.321 0.619 

Sample D 2 0.326 0 .928 

 3 0.322 0.309 

 Mean 0.323  

 1 0.298 1.87 

Sample C 2 0.291 1.072 

 3 0.296 0.810 

 Mean 0.373  

 1 0.444 2.06 

Sample B 2 0.431 0.919 

 3 0.430 1.162 

 Mean 0.435  

 1 0.530 0.952 

Sample A 2 0.522 0.571 

 3 0.523 0.380 

 Mean 0.525  

 1 0.629 0.963 

Pure Clay Atlas 2 0.625 0.321 

 3 0.615 1.28 

 Mean 0.623  
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Figure 13.  The thermal conductivity evolution as a function as peanut shell fiber mass fraction 
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Figure 14.  Variation of the thermal conductivity as function as the volume fraction of additives compared to the different theoretical models 

5.4. Comparison of the Experimental and Theoretical 

Thermal Conductivity 
 

Fig. 14 shows a comparison of the experimental results 

using the hot plate method and theoretical results using 

several theoretical models such as parallel, series, Beck, 

Woodside, and Maxwell. The analysis of these curves 

clearly shows that the experimental results are between 

the upper limit (Parallel model) and the lower limit 

(Series model) of thermal conductivity. The Beck model 

underestimates the value of the thermal conductivity of 

our composite materials, while the Maxwell model 

overestimates these values. Thus, these four models are 

far from being able to represent this composite material. 

We notice that the Woodside model is in perfect 

agreement with the experimental results representing the 

thermal conductivity whose average relative deviation, 

especially for shell contents less than 0.25. 
The Maxwell model is not compatible for the reason 

that peanut shells do not have a spherical form, while the 

Woodside model is closest to the representation of the 

samples, which considers a random distribution of fibers 

in the clay matrix. 

5.5. The Practical Importance of Elaborated Composite 

5Materials 

From these experimental results and to valorize each of 

the studied samples compared to the pure clay, the 

following two parameters are introduced: 

1. Lightweight parameter of the studied material in 

comparison with unfired clay: 

𝐹Lightness = 100 × (1 −
𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝜌𝑐𝑙𝑎𝑦
 )      (14) 

2. For energy saving, it is advisable to use two walls 

having the same thickness and excited by the same 

temperature difference: one made of the studied 

material and the second of unfired clay: 

 𝐸Saving = 100 × (1 −
𝜆𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝜆𝐶𝑙𝑎𝑦
 )     (15) 

The previous expressions are used in this case to assess 

the obtained values of the lightweight parameter and the 

energy gain for all studied samples compared to the raw 

clay (Fig. 15). It is noted that these two parameters 

increase with the increase of the content of inclusions and it 

is noticed that the energy saving achieves 50% for 9% of 

peanut shells.
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Figure 15.  Results of lightness factor and energy gain compared to 

raw clay at different mass fractions in inclusions 

5.6. Thermal Diffusivity 

The flash method is used to estimate the thermal 

diffusivity of samples. Indeed, several parameters have 

been determined such as thermal diffusivity, luminous 

flux 𝜙0 and heat transfer coefficient h, while reducing the 

quadratic deviation between the theoretical and 

experimental diagram (Fig. 16) obtained using the 

complete model. 

The obtained values of thermal diffusivity are grouped 

in Tab. 4, with a measurement uncertainty of less than 3%, 

which shows the reliability of this method shows an 

agreement between the theoretical and experimental 

thermograms with flat residues oscillating near 0. 

The residual, defined as the difference between the 

theoretical and experimental thermograms, is almost flat 

with flat residues oscillating near zero (Fig. 16), which 

confirms the validity of the 1D model up to the date t = 

1400 s. The sensitivity curves of the reduced coefficients 

for the three estimated parameters are shown in Fig. 17. By 

analyzing these curves, it appears that the thermal 

diffusivity can be reliably determined around a time of 

300s. 

These findings enable the observation of a decline in the 

average thermal diffusivity (Fig. 18) and heat capacity (Fig. 

19) of the examined materials as the mass fraction of 

additives increases. This contributes to enhancing the 

thermal efficiency of the composite material. Additionally, 

it is noteworthy that the measurement's relative error 

remains below 3%, affirming the dependability of the 

employed methodology. 

 

Figure 16.  Comparison between theoretical and experimental curves of sample D 
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Table 4.  Results of the average thermal diffusivity of prepared composites 

Measurement series  

Model of Parker Model of Degiovanni Complete model 

a 

(×10-7m2.s-1) 

∆𝐚

𝐚𝐦𝐨𝐲

 (%) 
a 

(×10-7m2.s-1) 
  

∆𝐚

𝐚𝐦𝐨𝐲

 (%) 
a 

(×10-7m2.s-1) 

∆𝐚

𝐚𝐦𝐨𝐲

 (%) 

Sample D 

1 3.49 1.22 3.33 0.00 3.20 1.415 

2 3.42 0.41 3.37 0.89 3.25 0.472 

3 3.38 0.81 3.23 0.89 3.24 0.943 

Mean 3.43  3.31  3.23  

Sample C 

1 3.92 2.02 3.80 2.20 3.72 0.939 

2 3.98 0.40 3.79 0.44 3.70 0.939 

3 3.89 1.62 3.81 2.64 3.80 1.604 

Mean 3.93  3.80  3.74  

Sample B 

1 4.14 0.40 3.94 1.32 3.89 0.256 

2 4.12 1.61 3.95 0.44 3.88 0.512 

3 4.04 2.01 3.99 1.75 3.93 0.769 

Mean 4.1  3.96  3.90  

Sample A 

1 4.35 2.04 4.18 1.33 4.33 0.230 

2 4.33 0.41 4.22 0.44 4.31 0.691 

3 4.25 2.45 4.21 0.88 4.38 0.921 

Mean 4.31  4.2  4.34  

Pure Clay Atlas 

1 5.01 0.40 4.87 1.32 4.78 0.416 

2 5.05 1.61 4.89 0.44 4.81 0.208 

3 5.03 2.01 4.82 1.75 4.81 0.208 

Mean 5.03  4.86  4.80  

 

Figure 17.  The sensitivity reduced coefficients of the three estimated parameters for the sample D 
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Figure 18.  Thermal diffusivity evolution with peanut shell fiber mass fraction 
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Figure 19.  Volumetric heat capacity evolution as a function of peanut shell fiber mass fraction 

5.7. Mechanical Testings 

The mechanical tests carried out on the composite show 

that the compressive strength slightly decreases with an 

increasing peanut shell content in the mixture. However, 

the values remain (Tab. 5) above the minimum 

characteristic compressive strength value of rammed earth 

fc = 0.5 MPa recommended by the Seismic Regulation for 

Earth Constructions RPCT 2011 [34]. 

Regarding tensile strength, we observe a significant 

improvement with the addition of peanut shells up to a 

mass content not exceeding 7% in the clay matrix. This 

improvement is mainly attributed to the adhesive role 

played by the peanut shells, which enhance the tensile 

strength and contribute to the absorption of tensile forces in 

the composite material. 

Furthermore, the clay-peanut shell composite material 
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thus developed can be used as an interior or exterior 

coating for the rammed earth walls of existing houses or as 

a ceiling coating, which can significantly enhance thermal 

insulation within traditional constructions in the region of 

the Moroccan Atlas. This region is characterized by a very 

cold and arid climate in winter and hot in summer, with 

rammed earth being the most commonly used construction 

method. 

6. Thermal Evaluation of Building 
Comfort 

Our study has focused on thermal comfort by 

integrating characterized composite clay material into the 

building situated in the high Atlas Mountains. This study 

is a manner to evaluate the integration of characterized 

clay materials (Table 5) in traditional housing design to 

improve thermal comfort in high atlas mountain ranges. 

Human life and comfort are significantly affected by 

several parameters, including air temperature and 

precipitation. Therefore, to properly describe the climate, 

these parameters must be considered (Fig. 20 and Fig. 

21). 

The Midelt city is located at an altitude of 1521m in the 

Atlas Mountains. Midelt has a Mediterranean climate with 

a mountain influence and often snows in winter. In the 

Midelt region, the lowest relative humidity of the year is 

in July (26.75 %). The month with the highest humidity is 

December (59.92%). The average annual temperature in 

Midelt is 14.1 °C. In July, the mean temperature is 

25.5 °C and July is the hottest month of the year. In 

January, the mean temperature is 4.6 °C and January is the 

coldest month of the year. About 3644.83 hours of 

sunshine are counted in Midelt throughout the year. There 

is an average of 119.73 hours of sunshine per month. 

In the Midelt region, the summer is short, hot, and dry; 

the winter is long and cold. The summer season can last 

2.8 months per year, starting from June 16 to September 9. 

The daily ambient temperature reaches 28.8 °C. In Midelt, 

July is considered the hottest month of the year in the 

Midelt region, with maximum and minimum temperatures 

reaching 32.7 °C and 20 °C, respectively. The winter 

season is about 3.9 months, from November 16 to March 

13, with a maximum ambient temperature of less than 

15.5 °C. The coldest month of the year is January, with 

maximum and minimum temperatures reaching 11.1 °C 

and 0.5 °C, respectively. 

Table 5.  Evolution of sample mechanical strengths as a function of peanut shell percentages. 

Samples 
Mass fraction 

% 
Compressive strength Rc (MPa) Tensile strength Rtf (MPa) 

Sample D 9 3.85 1.97 

Sample C 7 3.97 2.13 

Sample B 5 4.12 2.01 

Sample A 2 4.28 1.38 

Pure Clay  0 4.42 1.09 

 

Figure 20.  The Monthly average precipitation variation in Midelt 
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Figure 21.  The Monthly average air temperature variation in Midelt 

 

Figure 22.  Buildings with clay brick walls in a simple Berber village in the province of Midelt, Morocco 

Fig. 22 and Fig. 23 show a residential construction 

with a traditional architectural design representing the 

simulated building with an area of 80 m². According to 

the daily activities, this building is divided into six 

thermal zones. The internal windows are oriented towards 

the open-air patio, around which the different parts of the 

building are articulated. This patio is considered a 

temperature controller and a source of light and sunlight 

(Fig. 24). 

The first floor of this building has a ceiling height of 

3m. The window size is (1.20m x 1m). The windows are 

made of wooden joinery with single glazing of 3mm 

thickness. These windows occupy 17% of the exposed 

facade to the patio (32% of the floor area). Concerning the 

natural ventilation of the building, two types are adopted: 

vertical ventilation generated by the opening on the patio, 

and horizontal ventilation produced by the windows 

ensuring a fresh breeze inside the structure. 

The natural ventilation ratio including infiltration is 

around 36 m3/h/person. There is no heating or cooling 

system in the building with a low-density occupancy of 

about 0.14 person/m3. 

The studied building has an architectural design that 

aims to improve the comfort of the inhabitants without the 

use of heating and cooling equipment. The exterior walls 

are in composite clay materials of a thickness of 50 cm 

with an external and internal coating composed of pure 

clay (Tab.6). 
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Figure 23.  Spatial distribution of typical residential components 

 

Figure 24.  3D View of the studied building set 

Table 6.  Building envelope thermal properties 

Materials 

Mass 

fraction 

% 

ρ 

(kg.m-3) 

 

W/(m.K) 

a×10-7  

(m2/s) 

Cp 

(J.kg-1.K-1) 

U external wall 

(W.m-2.K-1) 

(e=50cm) 

Sample D 9 1455.22 0.323 3.23 687.18 1.55 

Sample C 7 1662.83 0.373 3.74 599.77 1.34 

Sample B 5 1746.80 0.435 3.90 638.53 1.15 

Sample A 2 1905.31 0.525 4.34 634.89 0.95 

Pure Clay of Atlas 0 2028.13 0.623 4.80 639.95 0.80 
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Figure 25.  The hourly evolution of the indoor and outdoor temperatures of the studied building in the year as function as the used composite 

 

Figure 26.  The hourly evolution of the indoor and outdoor humidity in the studied building in the year as function as the used composite 

Fig. 25 and Fig. 26 illustrate the indoor temperature 

and humidity evolution of five clay envelopes performed 

during the summer and winter seasons of the year.  

The obtained measurements noticed that the indoor 

temperature stays fairly stable for clay-building envelopes. 

This result shows the thermal inertia of the clay blocks to 

provide thermal insulation for the building. The objective 

is to maintain thermal comfort and not to feel the outdoor 
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thermal fluctuations. Under external thermal stress, the 

thermal response of the constructed building with pure 

clay is identical to those made from samples incorporated 

with 2% and 5% peanut shell mass fractions because these 

samples have close thermophysical properties and provide 

more comfort in summer. Fig. 25 implies that the building 

built with clay incorporated with 7% and 9% mass 

fractions of peanut shell provides good insulation in 

winter and less comfort in summer. 

It can therefore be deduced that the pure clay and the 

incorporated fibers induce the decrease of the thermal 

losses of the building walls, as well as the minimization of 

the fluctuations of indoor temperature and humidity. The 

analysis of the temperature fluctuations inside the 

building improves the performance and the thermal 

comfort conditions, although the outside temperatures 

reach -3°C in the cold season and exceed 35°C in the 

summer period. The thermal comfort of the inhabitants 

can be ensured by the improvement of the thermal 

resistance of the clay and fiber composite. Fig. 26 shows 

the evolution of the relative humidity inside the building 

during the year. From the information shown in this figure, 

it can be seen that the average indoor relative humidity is 

about 40% during the year, enhancing thermal comfort 

since the objective is to provide an indoor relative 

humidity between 30 and 50% if possible. 

7. Conclusions 

In the present study, traditional building material was 

examined, and the assessment of their thermal 

performances was carried out using modern metrology 

methods, mainly the hot plate method in the steady state 

regime and the flash method in the transient regime. The 

obtained experimental values show that the thermal 

insulation performance of the clay is significantly 

improved by incorporating the peanut shells which can 

offer better energy saving while valorizing the local 

materials. Equivalent thermal conductivity values from 

existing analytical models in the literature were also used 

for comparison with those found experimentally at 

different additive contents. The results showed that the 

walls were built with earth material reinforced with 

peanut shells, and the analysis of the monthly temperature 

variation was able to assess the improvement of the 

thermal performance of the material studied and its 

quality of offering better energy efficiency and comfort. 

In addition, this work helps to value the use of traditional 

architecture and environmentally friendly building 

materials that can withstand hard climatic conditions by 

enhancing their thermal proprieties and having an impact 

on building energy efficiency and occupant comfort levels.  

In conclusion, the use of clay as a building material to 

reduce heat can be an effective alternative, but its 

suitability depends on careful consideration of various 

factors, including thermal insulation, structural capacity, 

environmental conditions, seismic performance, 

availability, construction techniques, and building 

regulations. It may not be suitable for all types of 

buildings or all countries without proper evaluation of 

these factors. Local climate, availability of skilled labor, 

and cultural preferences should also be taken into account. 

Consulting with experts in architecture, engineering, and 

local construction practices is recommended to determine 

the feasibility of using clay in specific building projects. 
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