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Abstract 

As a contribution of the building sector to mitigating the effects of climate change, namely rising sea levels, floods, droughts, 

cyclones, sandstorms, retreat of arable land and forest fires, in anticipation of the objectives of the Paris Agreement, on the one 

hand, and energy efficiency on the other hand and the development of sustainable and environmentally friendly building 

materials, this paper presents the thermal characterization of compressed earth blocks using two clays used by the population of 

MARADI in Niger for the construction of habitats. The clays are mixed with sand (10%), cement (4%) and varying proportions 

of millet waste from 0% to 10%. The study shows that the thermal conductivity of composites decreases as the amount of millet 

waste increases. Conversely, the thermal resistance increases with each addition. Conductivity values varies from 0.268 W. 

m
−1

.K
−1

 to 0.644 W. m
−1

.K
−1

 for MARADAWA clay (BAM) samples and from 0.275 W. m
−1

.K
−1

 to 0.723 W. m
−1

.K
−1

 for Jiratawa 

clay (BAJ) samples. This represents a reduction of 61.96% for Jiratawa clay and 58.39% for MARADAWA clay compared to 

non-added materials. Composite materials are more effective in terms of thermal insulation. 
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1. Introduction 

Anthropogenic global warming is one of humanity's major 

concerns [1]. In the coming years, climate change will have 

significant consequences for the security of populations and 

states. IPCC experts predict that climate change will lead to 

more extreme weather events, such as droughts, floods, cy-

clones, sandstorms, retreat of arable land and forest fires, and 

that these will become increasingly devastating. The expected 

increase in the frequency and severity of these phenomena is 

likely to lead to significant population displacements from 

vulnerable areas to less exposed areas, not to mention the 

additional economic burden that the affected States will have 

to face [2]. By 2030, nearly 60% of the world's population is 

expected to live in urban areas [3]. In the case of Africa, about 

56% of the population lives in informal housing. This popu-

lation is expected to reach 2.4 billion by 2050, and 80% of this 

population growth will occur in cities. The need to provide 

housing now and in the future is a major driver of growth for 

new buildings across the African continent [4]. 
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The role of the buildings sector and the construction in-

dustry is therefore decisive in the fight against climate change 

as stipulated by the "Paris Agreement" adopted at the summit 

of the United Nations Framework Convention on Climate 

Change UNFCCC in 2015 and the achievement of the global 

Sustainable Development Goals (2030 Agenda) [5-7]. It is in 

this sector that the potential to reduce greenhouse gas emis-

sions will be greatest. And it would be able to provide sig-

nificant energy savings [1, 3, 4, 8]. 

Appropriate use of building materials can contribute to a 

particular focus on energy efficiency and human thermal 

comfort [1, 5, 9, 10].  

The Maradi region covering an area of 38500 km
2
 is located 

in the south-central part of the country. The housing comes in a 

diverse range depending on the materials used, the organization 

of the space and the density of the buildings. There are strong 

disparities depending on the place of residence. In rural areas, 

housing is mainly made of straw and clay, often without a 

precise land tenure status. In urban areas, traditional housing 

(banco, wood and straw) is associated with evolving housing 

(imported mixed materials) and residential housing (permanent 

materials). The region is largely dependent on the outside world 

for the satisfaction of its energy needs and occupies a poor 

position in terms of human development [11]. The use of local 

materials in modern construction can contribute to improving 

the living conditions of the population. 

Raw earth has been widely used for the construction of 

buildings since the earliest times, as evidenced by traditional 

housing in many parts of our planet. 

It has the advantage of being a material available locally 

and in abundance, with little or no energy, low greenhouse gas 

emissions [12-16], unlike industrial materials such as concrete, 

iron, steel, aluminum, etc. 

We are witnessing a return to the use of land in both devel-

oping and industrialized countries [15, 17]. The production of 

earthen materials has nothing to envy to that of other current 

materials. Among the most elaborate, the technique of com-

pressed earth blocks stands out in particular [15, 18]. It consists 

of making bricks of stabilized earth thanks to a light addition of 

lime (or cement) and also of agricultural or industrial 

by-products. This mixture is compressed using a manual or 

mechanical press [10, 19]. This technique makes it possible to 

compensate for the long-recognized inadequacies of raw earth 

by improving its water resistance and mechanical resistance 

and thus contributing to the durability of buildings [20, 21]. 

Thermal comfort is one of the major concerns in building 

construction. The most common methods are usually electric 

air control methods such as air conditioners, heaters, and fans. 

[22] This leads to an increase in energy consumption. How-

ever, reducing energy consumption in buildings is a major 

challenge in order to deal with the scarcity of fossil energy 

resources and the problem of energy consumption.... To meet 

this challenge, building insulation is a necessity and repre-

sents an efficient and cost-effective way [23]. The thermal 

performance of the clay material can be improved by incor-

porating natural additives to achieve a more insulating com-

posite material. The literature reveals several studies that have 

been conducted on improving thermal comfort in traditional 

additive-bound raw clay construction [24, 25]. 

Increasing the amount of fibers, or the length of the fibers, 

usually reduces thermal conductivity. Thus, the addition of 0 

to 3% by weight of barley straw and wheat straw fibers gen-

erates a decrease in thermal conductivity of about 34-35% 

compared to earth bricks without fiber reinforcement [26]. 

Similar results with barley straw (36% and 60% reduction 

when barley was added at 1 and 2% by weight respectively) 

were observed by [27]. The use of a lightweight biocomposite 

(sunflower pith aggregates) gave the best result among all the 

materials considered to reduce thermal conductivity, probably 

due to the large amount of addition (30% by weight), while 

showing a low compressive strength [28]. 

In addition, in their work, Saghrouni et al. [29] studied the 

incorporation of Juncus maritimus fibers in mortar composites 

at different dosages. They managed to reduce the thermal 

conductivity by about 65% at 10% fiber addition in the com-

posite, which reached 0.182 W. m
−1

.K
−1

 while it was equivalent 

to about 2.8 W. m
−1

.K
−1

 without any addition. Previously, 

Belhadj et al. [30] had lightened the concrete by adding barley 

straw. These authors claimed that manufactured concrete ex-

hibited a reduction in compressive strength with the added 

fibers and an improvement in flexural strength and other prop-

erties such as lightness, deformability, ductility, toughness, and 

thermal characteristics (1.32 W. m
−1

.K
−1

). The study by Drissa 

B. et al. [31] shows that for a sawdust ratio between 0% and 8%, 

the value of the thermal conductivity decreases from 0.962 to 

0.512 W.m
-1

.K
-1

, i.e. a decrease of 46.77%. 

Omrani et al. [32] showed that the addition of 20% Juncus 

acutus fibers made a clay-sand composite decreased the 

thermal conductivity from 0.902 W/m K for the reference 

sample (without fibers) to a value of 0.327 W/m K. Laaroussi 

et al. [33, 34] measured the thermal properties of the clay 

bricks using different experimental characterization methods 

as reported by Mohamed L. et al. [35]; Ashour et al. [36] 

studied the thermal conductivity of unfired earth bricks 

composed of earth, gypsum, cement, and straw. Two types of 

fiber, namely wheat straw and barley straw, were used with 

different mixing ratios. The integration of plant aggregates 

into unfired clay bricks was explored in a study carried out by 

Laborel-Préneron et al. [37]. The hygrothermal characteristics 

of seven formulations composed of soil with different per-

centages by weight of maize, barley straw and hemp, ranging 

from 0 to 6%, were evaluated. The performance of earth 

bricks incorporating two types of straw has been evaluated by 

Giroudon et al. [38]. The straw additions were made at mass 

ratios of three percent and six percent. One of the types of 

straw examined was barley straw, which belongs to the group 

of cereal straws and has been extensively studied for similar 

applications. The other type was lavender straw, an unrecov-

ered byproduct that had not previously been studied for its 

potential in the production of earthen bricks. Tests were 
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carried out on three samples for each mixture to investigate 

their effect on thermal conductivity. 

The objective of this study is the thermal characterization 

of compressed earth blocks based on clays taken from two 

quarries (Maradawa and Jiratawa) located in the Maradi 

region of Niger. These soils are then stabilized with 4% ce-

ment to increase compressive strength. Bricks were made 

from a mixture of clay, sand and cement, incorporating pro-

portions varying from 0% to 10% of millet waste. 

2. Materials and Methods 

2.1. Presentation of Sampling Sites 

This study focuses on two clays taken from Maradi, a re-

gion located in the south-central part of Niger between 13° 

and 15°26' north latitude and 6°16' and 8°36' east longitude 

about 540 km east of Niamey, the country's capital, on the 

main National Road 1. The clays come from open quarries: 

one in Maradawa located on the outskirts of the city of Maradi 

(latitude: 13°29'10'', longitude: 7°5'33'', altitude: 331.0 m) and 

the other of Jiratawa located about ten kilometers to the 

southwest (latitude: 13°24'20''; longitude: 7°8'7''; altitude: 

344.6 m). These are quarries exploited by local residents for 

their construction needs. Figures 1 and 2 provide an overview 

of the sites. 

13°29'10''N; 7°5'33''E; Elevation: 331.0 m 

 
Figure 1. MARADAWA site. 

13°24'20''N; 7°8'7''E; Altitude: 344.6 m 

 
Figure 2. JIRATAWA site. 

Table 1. Values of the different identification tests on clay materials. 

Clay 

Initial 

water con-

ten: wi (%) 

Specific 

weight: γs 

(kN/m3) 

Bulk 

density 

Liquidity 

Limit: LL 

(%) 

Plasticity 

Limit: LP 

(%) 

Plasticity 

Index: PI 

(%) 

Optimum Proc-

tor Moisture 

Content (%) 

Proctor 

Maximum 

Dry Density 

Maradawa 6,3 2,54 1,18 55,6 29,2 26,4 16,33 1,64 

Jiratawa 1,9 2,60 1,21 36,3 19,5 16,8 9,65 1,91 

 

2.2. Sample Characteristics 

The characteristics of the clays are determined and presented 

in a previous study [21]. Maradawa clay (Plasticity index Ip = 

26.4; proportion of clay grains passing through a sieve with a 

diameter of 2 μm d (≤2 μm) about 27.4%; Soil condition: very 

plastic according to the Casagrande diagram (Figure 3); clay 

mineral: Illite; Class: A-7-6 (18) according to the "AASHTO" 

classification) is a swelling, waterproof soil. Jiratawa clay (Ip = 

16.8; proportion of clay grains passing through a sieve with a 

diameter of 2 μm d (≤2 μm) about 12.8%; Soil condition: low 

plastic; clay mineral: kaolinite; Class A-6 according to the 

H-R-B) classification is more permeable to water. The charac-

teristics are grouped in Table 1. 
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Figure 3. Casagrande diagram [22]. 

The particle size curves of the two clays are shown in Figure 4. The base materials are outside the recommended zones of 

texture and plasticity. A correction is made by adding sand as a degreaser and stabilized to the cement. 

 
Figure 4. Clay particle size curves with upper and lower granular spindle limits. 

The sand used (1.5% gravel, 91% coarse sand and 6.8% 

fine sand) comes from the BATCHIRAWA KORI sand quarry 

(14°56 N and 8°50 E), in the ZINDER region. [23] 

The cement used is that of the MALBAZA Cement Com-

pany MCC NIGER: CEM II 42.5 NL-B. AFNOR NF P 

15-301/EN 197-1: 2000. 

The millet waste is recovered from the surrounding fields 

on the outskirts of Niamey. Once separated from the millet 

seeds, the waste is left in the open air. It is a material with a 

very low bulk density. It is available in large quantities virtu-

ally at no cost. Traditionally, it is mixed with earth material in 

constructions. Figure 5 shows the appearance of millet waste.  
Figure 5. Appearance of millet waste. 
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2.3. Experimental Method 

2.3.1. Sample Making 

The clay materials were first crushed and then sieved. In 

order to allow for better humidification, we have retained the 

loops with a 3.16 mm sieve. The clay is mixed with 4% ce-

ment, because for cement to perform its role as a stabilizer, a 

minimum of 3 to 4% by weight of cement is needed in relation 

to the weight of the earth used, otherwise there is not enough 

binder [39] and with 10% sand. Indeed, cement and clay are 

made up of fine particles, sand makes it possible to bring in 

larger elements. This makes it possible to correct the granu-

larity of the material (see figure 4), while remaining within 

the proportions of the elements as recommended by [39]. A 

percentage varying from 0 to 10% of millet waste is added to 

the mixture before pouring water until the desired consistency 

for making compressed earth blocks. These blocks measuring 

14 cm x 14 cm x 10 cm are presented in Figure 6. 

 
Figure 6. Photo of compressed earth blocks. 

2.3.2. Thermal Properties 

 
Figure 7. KD2 Pro Device. 

The measuring device used is the KD2 Pro (Figure 7). This 

device uses the model for solving the heat transfer equation by 

the method of propagation of a linear heat source in a transient 

regime in a semi-infinite medium, an equation published in the 

IEEI standards [24]. Before the measurements, the samples are 

dried in an oven at 105°C to remove the water they contain. 

The thermal characteristics measured are thermal conduc-

tivity and thermal resistance: 

1) Thermal conductivity, which represents the ability of a 

material to transmit heat flow under the effect of a 

temperature gradient. The lower the thermal conductiv-

ity, the more insulating the material. 

2) Thermal resistance, which reflects the material's ability 

to resist heat transmission. It depends on the thickness of 

the material (e, in metres) and its thermal conductivity 

(λ): R = e/λ. The higher the thermal resistance, the more 

insulating the wall is. 

2.3.3. Energy Gain of Composite Material 

This composite material of cement-stabilized millet clay 

waste was made for use in construction. The heat flows 

through a material with a surface area of 1 m
2
 is expressed: 

∅ =  
∆T

Rt
  

With Rt =  
1

𝑈
=  ∑ 𝑅𝑖 

Conductive thermal resistance for a homogeneous wall 

𝑅𝑡 =
𝑒

𝜆
  

∅ =  
∆T.λ

e
  

If we compare two exterior walls, one containing the 

composite material and the other material without millet 

waste, having the same thickness, the same surface area and 

subject to the same temperature gradient, we can deduce the 

ratio of the two heat flows passing through these walls by: 

∅𝑚𝑎𝑡+𝑤𝑎𝑠𝑡𝑒

∅𝑚𝑎𝑡
=

λ𝑚𝑎𝑡+𝑤𝑎𝑠𝑡𝑒

λ𝑚𝑎𝑡
  

This allows us to calculate the energy savings when using 

composite in construction 

𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝑒𝑛𝑒𝑟𝑔𝑦 = 100 × (1 −
∅𝑚𝑎𝑡+𝑤𝑎𝑠𝑡𝑒

∅𝑚𝑎𝑡
)  

3. Results and Discussion 

The measured values of the conductivity and thermal re-

sistance of bricks as a function of millet waste dosage are 

given in Table 2 for MARADAWA Clay (BAM) and Table 3 

for Jiratawa Clay (BAJ). 
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Table 2. Conductivity and thermal resistance as a function of the millet waste assay of the samples (BAM). 

Percentage by Mass 0 % 2 % 4 % 6 % 8 % 10 % 

λ (W/m/K) 0,644 0,497 0.421 0,389 0,285 0,268 

R ((m2.K)/W) 155,3 201,4 237,6 215,3 351,3 272,2 

Table 3. Conductivity and thermal resistance as a function of the millet waste assay of the samples (BAJ). 

Percentage by Mass 0 % 2 % 4 % 6 % 8 % 10 % 

λ (W/m/K) 0,723 0,488 0,376 0,310 0,302 0,275 

R ((m2.K)/W) 138,4 207,4 265,9 322,6 331,1 363,9 

 

Table 4. Energy Gain on BAM and BAJ Composites. 

Dosage 

(%) 

λ (W(/m/K)) Gain (%) 

BAM BAJ BAM BAJ 

0 0,644 0,723 0 0 

2 0,497 0,4875 22,83 32,57 

4 0,421 0,376 34,63 47,99 

6 0,389 0,31 39,60 57,12 

8 0,285 0,302 55,75 58,23 

10 0,268 0,275 58,39 61,96 

 
Figure 8. Thermal conductivity of blocks as a function of millet 

waste content. 

The curves in Figure 8 show that the thermal conductivity 

decreases as the waste millet content increases for both mate-

rials used. It ranges from 0.268 W/ (m. K) to 0.644 W/ (m. K) 

for Maradawa clay (BAM) samples and from 0.275 W/(m. K) 

to 0.723 W/(m. K) for Jiratawa clay (BAJ) samples. This de-

crease can be explained by the low thermal conductivity of the 

millet waste and also by the fact that as the amount of millet 

waste increases, there is an increase in porosity and therefore 

more and more trapped air favourable to the reduction of con-

ductivity. On the other hand, we note that the Jiratawa clay has 

a higher thermal conductivity at 0%, but that the incorporation 

of millet waste resulted in a reduction of 61.96% compared to 

58.39% for the Maradawa clay (see Table 4). 

We can deduce that the clay composite from Jiratawa with 

millet waste has a better thermal performance compared to 

that from Maradawa. Indeed, since Maradawa clay is more 

compact than Jiratawa clay, the presence of millet waste 

creates more voids in the blocks made from Jiratawa clay. The 

more compact internal structure results in greater cohesion 

between the particles. This promotes a better transfer of heat 

flow, hence the increase in thermal conductivity [25]. 

The results obtained for the 10% millet waste clay, the 

subject of this study, are comparable to those obtained by K. 

El Azhary et al. [40] whose results, on the clay-straw com-

posite, vary between 0.263 W/(m.K) and 0.504 W/(m.K). 

Lertsatitthanakorn C et al. [41] obtained a thermal conduc-

tivity of 0.33 W/(m.K) for cement-sand blocks and rice husk 

ash compared to 0.72 W/(m.K) for commercially available 

clay bricks. In addition, the thermal conductivity of laterite 

bricks is reduced from 1.4 W/(m.K) to 0.29 W/(m.K) by 

adding millet waste, with the same percentage [42]. 

Omrani et al. [32] showed that the addition of 20% Juncus 

acutus fibers decreased the thermal conductivity from 0.902 

W/m K for the reference sample (without fibers) to a value 

of 0.327 W/m K 

Drissa B. et al. [31] montrent que pour un rapport de sciure 

de bois variant entre 0% et 8%, la valeur de la conductivité 

thermique diminue de 0,962 à 0,512 W.m
-1

.K
-1

, soit une 

diminution de 46,77%. 

Figure 9 shows the variations in the thermal resistances of 
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the two composites. Here again, we see the better thermal 

performance of the Jiratawa clay-based composite compared 

to the Maradawa clay composite because it has higher values. 

 
Figure 9. Thermal resistance of blocks as a function of millet waste content. 

4. Conclusion 

The thermal characterization of clays, the subject of this 

study, shows a decrease in thermal conductivity and thus an 

increase in the thermal resistance of the two types of compo-

sites made by incorporation of millet waste. Conductivity 

values decrease by about 62% for Jiratawa clay-based bricks 

and 58% for Maradawa clay-based bricks compared to 

non-added bricks. The gain is worth about 48% with an addi-

tion of 4% for the Jiratawa clay and 34% for the Maradawa 

clay. The study shows that the Jiratawa clay has a better 

thermal performance than the Maradawa clay by the same 

percentage. The study shows that the Jiratawa clay has a better 

thermal performance than the Maradawa clay. In short, our 

composites can be used as an alternative to conventional 

materials for thermal comfort in homes. 

Abbreviations 

BAM Brick Made from Maradawa Clay 

BAJ Brick Made from Jiratawa Clay 

UNFCCC United Nations Framework Convention on 

Climate Change 

AASHTO American Association of State Highway and 

Transportation Officials 

IPCC 

H-R-B 

Intergovernmental Panel on Climate Change 

Highwway Resarch Board 

Ip Plasticity Index 

wi Initial Water Content 

LL Liquidity Limit 

LP Plasticity Limit 

MCC Malbaza Cement Company 

EMC Portland Cement 

AFNOR NF 

French 

Association for Standardization (French 

Standard) 

λ Thermal Conductivity (W/(m.K) 

e Thickness 

R Thermal Resistance 

U Voltage 

∅ Heat Flow 

∆T Temperature Variation 
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