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Abstract

Today, 1t 1s widely admitted that improved comfort conditions and reduced costs related to air conditioning
and heating using environmentally friendly and low cost energy sources are some of the most urgent
priorities that must be taken. In order to achieve this aim, it 1s required to develop new building materials
and use renewable resources that could help to cut down the energy costs in buildings. Recently, the
scientific community has been able to shed light on raw earth building materials and 1s working to make
them a promising, clean, and economical alternative to cement and fired brick materials. The present study
provides interesting data regarding the incorporation of date palm waste into the soil matrix for the
development of environmentally friendly building materials. It 1s an experimental study conducted firstly to
study the mechanical, thermal, physical and microstructure properties of CEB filled with date palm waste
aggregate (DPWA) as thermal insulator. In this framework, quicklime, used as a stabilizer, and date palm
waste were added to the CEB compositions. Five waste contents, 1.e. 0.1%, 0.2%, 0.3%, 0.4% and 0.5%,
were 1ncorporated into the mixtures that were compacted with a static loading by applying a compaction-
induced stress of 10MPa. Secondly, it examined the effect of the type of date palm waste on the flexural
behavior of compressed earth blocks (CEBs) using digital image correlation technique (DIC) and the
mechanical properties of CEB. In this context, quicklime as a stabilizer and three different kinds of date
palm waste were added to the CEB composites: DPWA, date palm mesh (DPM) and date palm spikelet
(DPS). Three waste weight contents (0%, 0.2% and 0.5%) were incorporated in the mixtures compacted
with a static loading. The results show an interesting improvement of thermal insulation performances of
blocks incorporating DPWA. The total water absorption, swelling and capillary absorption of the blocks
increased with an increase in the DPWA ratio. the values of the flexural strength was higher for the mixtures
with DPWA than for those with DPM or DPS. The addition of 0.5% DPS increases the ductility of the bricks,
resulting in some residual force and increasing the deflection at failure. The increase in compaction pressure
from 2 MPa to 10 MPa compaction pressures resulted in an increase 1n flexural strength of about 262.73%
for the control block (samples without date palm waste). In addition, it was found that for a block containing
0.5% DPWA, increasing the compaction pressure from 2 MPa to 10 MPa leads to an increase 1n the bending
strength of about 371.68%. The results of &xx show very high localized strains at the middle of block at the
bottom of the samples under tension. The strain concentration zone increases as the fiber content increases.
The decrease in compaction pressure from 10 MPa to 2 MPa resulted in a decrease in thermal conductivity
of about 21.96% for the block containing 0.5% DPWA. Fortunately, this block gives approximately the
same result (0.694 W/m.K) as the adobe block without date palm waste (0.677 W/m.K).

Keywords: Compressed earth block, Date palm waste, thermal conductivity, mechanical behavior, swelling
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Résumé

Aujourd'hui, 1l est largement admis que 'amélioration des conditions de confort et la réduction des colts
liés a la climatisation et au chauffage utilisant des sources d'énergie respectueuses de l'environnement et a
faible colit sont parmi les priorités les plus urgentes a prendre. Pour atteindre cet objectif, 1l est nécessaire
de développer de nouveaux matériaux de construction et d'utiliser des ressources renouvelables qui
pourraient contribuer a réduire les couts énergétiques dans les batiments. Récemment, la communauté
scientifique a pu faire la lumiére sur les matériaux de construction en terre crue et travaille a en faire une
alternative prometteuse, propre et économique aux matériaux en ciment et en briques cuites. La présente
étude fournit des données intéressantes concernant l'incorporation de déchets de palmier dattier dans la
matrice du sol pour le développement de matériaux de construction respectueux de I'environnement. Il s'agit
d'une étude expérimentale menée dans un premier temps pour étudier les propriétés mécaniques, thermiques,
physiques et microstructurales du bloc de terre comprimée BTC rempli par d'agrégat de déchets de palmier
dattier (DPWA) comme 1solant thermique. Dans ce cadre, de la chaux vive, utilisée comme stabilisant, et
des déchets de palmier dattier ont été€ ajoutés aux compositions de BTC. Cing teneurs en déchets, soit 0,1 %,
0,2 %, 0,3 %, 04 % et 0,5%, ont ét€ incorporées dans les mélanges qui ont €t€ compactés avec un
chargement statique en appliquant une contrainte induite par le compactage de 10 MPa. Deuxiemement, 1l
a examiné l'effet du type de déchets de palmier dattier sur le comportement en flexion des blocs de terre
comprimée (BTC) en utilisant la technique de corrélation d'images numériques (DIC) et les propriétés
meécaniques du BTC. Dans ce contexte, la chaux vive comme stabilisant et trois types différents de déchets
de palmier dattier ont été ajoutés aux composites BTC : DPWA, maille de palmier dattier (DPM) et épillet
de palmier dattier (DPS). Trois teneurs pondérales en déchets (0%, 0,2% et 0.5% ) ont ét€ incorporées dans
les mélanges compactés avec un chargement statique. Les résultats montrent une amélioration intéressante
des performances d'isolation thermique des blocs incorporant du DPWA. L'absorption totale d'eau, le
gonflement et l'absorption capillaire des blocs ont augmenté avec une augmentation du rapport DPWA.. Les
valeurs de la résistance a la flexion étaient plus élevées pour les mélanges avec DPWA que pour ceux avec
DPM ou DPS. L'ajout de 0,5 % de DPS augmente la ductilité des briques, entrainant une certaine force
résiduelle et augmentant la déflexion a la rupture. L'augmentation de la pression de compactage de 2 MPa
a 10 MPa a entrainé une augmentation de la résistance a la flexion d'environ 262.73% pour le bloc témoin
(échantillons sans déchets de palmier dattier). De plus, 1l a été constaté que pour un bloc contenant 0.5 %
de DPWA, l'augmentation de la pression de compactage de 2 MPa a 10 MPa conduit a une augmentation
de la résistance a la flexion d'environ 371.68%. Les résultats de g,, montrent des déformations localisées
tres €levées en milieu de bloc en bas des échantillons sous tension. La zone de concentration de déformation
augmente a mesure que la teneur en fibres augmente. La diminution de la pression de compactage de 10
MPa a 2 MPa a entrainé une diminution de la conductivité thermique d'environ 21,96 % pour le bloc

contenant 0,5 % de DPWA. Heureusement, ce bloc donne approximativement le méme résultat (0,694
W/m.K) que le bloc d'adobe sans déchets de palmier dattier (0,677 W/m.K).

Mots clés : Bloc de terre comprimée, déchets de palmiers dattiers, conductivité thermique ; comportement
mécanique, gonflement.
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1. General introduction

1.1 Research background

The current development of technology has led engineers to carry out increasingly complex
projects with deferential building materials, such as steel, concrete, and wood in the construction
field. However, earth construction is an older technique in human history. It has been used in most
countries of the world, especially in ancient civilizations on a worldwide scale, and it is still widely
used today[1]. In recent years, climate change is one of the biggest threats facing the world and a
challenging economic and environmental problem [2]—[4]. In 2018, the world had 315 natural
disasters, the majority of which were caused by climate change. Storms, floods, wildfires, and
droughts affected around 68.5 million people, resulting in $131.7 billion in economic losses, with
storms, floods, wildfires, and droughts accounting for roughly 93 % of the total[3]. In light of the
global economic and environmental threat, countries will be forced to return to renewable and clean
resources using renewable energies and the abandonment of petroleum products as a source of
energy, as well as the use of renewable raw materials in basic industries such as the construction
materials industry. In this context, the building sector must work to convert its construction
practices to improve the energy performance of new and existing buildings but also to offer
innovative materials that meet the new requirements of users in terms of environmental, health
impact, and comfort. Recently, the scientific community has been able to shed light on raw earth
building materials and 1s working to make them a promising, clean and economical alternative to
cement and fired brick materials. On the other hand, Cement and cement-based materials are 1in
higher demand because of global urbanization. The accompanying CO: emissions from its
manufacture are becoming a source of concern as its consumption grows|5|. In Algeria, energy
consumption in the construction sector represents approximately 42% of the total energy
consumption and 1s the largest energy-consuming sector[6]. Moreover, by 2023, Algeria's housing
industry will have grown at an average rate of 7.7%, resulting in a consumption of 94,795 GWh.
Heating and/or air conditioning to maintain a good ambient temperature in residences that are
typically poorly thermally insulated account for over 80% of national energy consumption in this
sector. This alarming finding leads to a new and objective look at the necessity to insulate homes

thermally[7]. Improving comfort conditions and reducing costs associated with air conditioning
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and heating by environmental means at a low cost of energy today are absolute priorities, which
have led to the search for building materials and the use of renewable resources that contribute to
reducing the costs of comfort in buildings[8]. Earth construction 1s a significant solution to
conserve the environment and reduce energy costs [9]. Earth 1s a cheaper, eco-friendly and
available building material, and currently, around 30% of the global population lives in earth-based
housing [10]. Among the many raw earth materials, the compressed earth block (CEB) has several
advantages, in particular its resistance to compression, which allows it to reduce the thickness of
the walls for characteristics identical to the other techniques and to allow the realization many

forms of construction (niches, arches, friezes, etc.).

To the best of our knowledge, heavy materials are poor insulators, so the thermal insulation of CEB
1s lower than that of an adobe wall of the same thickness. Nevertheless, in order to improve the
thermal performance of CEB while accepting a certain reduction in its mechanical resistance, bio-
sourced materials of plant origin can be incorporated into the mixture, for example: wood, cork,
straw, hemp. Earth 1s a good insulation material and can store heat compared to cement building

materials, and adding plant waste to earth materials improves this thermal insulation [ 10].

Nevertheless, some problems linked to durability against water and mechanical strength of earth-
based construction materials must be seriously addressed. For this, 1t was decided to add lime,
cement or both as chemical stabilizers[11]-[14]. Note that the cement production process, which
necessitates huge amounts of energy, engenders very negative impacts on the environment.
However, the production of quicklime requires heating raw limestone that contains calcium
carbonate (CaCOs) at about 900 °C only. Therefore, using quicklime as a stabilizer is more
advantageous with regard to environment protection and energy consumption reduction. Lime 1s a
traditional chemical binder, and its properties are compatible with soil, especially when clay and
fine particles are present| 15]. Moreover, lime stabilization of natural soils 1s a low-cost sustainable

technology that may be used to enhance their strength performance and diminish their swelling| 16].
1.2 Aims of the thesis

In Algeria, palm trees produce huge amounts of waste every year. Farmers usually burn it in the
palm groves and this engenders negative consequences on the environment. Nevertheless, this

waste may be valorized for the formulation of earthen materials, such as compressed earth blocks
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(CEBs) which have become quite popular due to their low cost and good energy efficiency. These
earth-based products represent a sustainable material for the construction industry. Indeed, palm
tree residues taken from different parts have been used in many researches in building materials,
either as natural fibers[17]—-[24], as bio-aggregates[25], [26], or as wood ash[27]. Previous studies
have proven that the addition of palm fibers or aggregates improves the tensile, bending [19]and
thermal properties[23], [24], [26] of building materials and increases the ductility of brittle
materials[25].

To the best of our knowledge, only a few studies have been conducted on the use of date palm
fibers in the preparation of compressed earth blocks [18], [19]. It should be noted that the fiber-
forming process requires considerable effort and time. The present study tempts to circumvent the
problems linked to the use of fibers, which necessitate a lot of effort and time in their preparation,
by using aggregates or particles obtained through the grinding of wastes resulting from the
maintenance operation of palm groves. The main purpose of this work is to study the effect of
incorporating date palm waste in the formulation of CEBs on their thermal, physical, and
mechanical properties, and to carry out their microstructural analysis, in order to develop blocks
possessing attractive mechanical properties, with enhanced thermal insulation features in order to
provide highly insulating walls intended for housing construction. Measurement of strains under
bending loads is considered complicated compared to tensile or compressive loads. This i1s because
flexural loads result in two types of strains, tensile strains and compression strains. For this reason,
this study was based on the modern method using the digital image correlation method (DIC) to
measure the strains resulting from the bending loads. The second main objective of this work 1s to
evaluate the flexural behavior of compressed earth blocks (CEBs) based on different types of date
palm waste fibers using the digital image correlation (DIC) technique.

1.3 Structure of the thesis

Five chapters compose this thesis. Its content can be summarized as follows:

The first chapter provides a general overview of the thesis as well as its goals. The research

background, the issues at hand, and the work's goals were all outlined.

Recent research papers on the utilization of plant aggregates and fibers in the reinforcing of

compressed earth block materials are reviewed in the second chapter. To begin with, it provides an
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overview of raw earth-based materials, clay minerals, plant aggregates, and fibers, as well as their
properties. The microstructure properties, mechanical behavior and thermo-physical parameters of
compressed earth blocks made from various types of plant aggregate and fiber are summarized

after that.

The third chapter explains the thesis's research strategy and methods. The first section of this
chapter will cover the characterization of the basic materials used in the production of compressed
earth blocks. These are the physicochemical, mechanical and mineralogical characteristics of soil,
crushed sand, and aggregate and fibers of date palm waste. The manufacturing techniques, mixing
sequences, and conservation of various test pieces are then followed. This chapter also presents the

mixtures, the mode of preservation, and the experimental test procedures used in this study.

The results obtained from the study are presented and analyzed in chapter four. These results show
the effect of date palm waste on the mechanical behavior, thermo-physical and microstructure

characteristics of compressed earth bricks stabilized by lime.

The general conclusion of the thesis are presented in chapter five, along with suggestions for further

research in the topic of study.



CHAPTER 2

LITERATURE REVIEW



CHAPTER 2: LITERATURE REVIEW

CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Over the last few decades, countries, economic players, and civil society have become more
conscious of the negative effects of human activities on the environment and the need to eliminate
these effects as soon as possible. As a result, incentives and limitations for integrating projects into
a sustainable development approach are becoming stronger at the international level, particularly
in the domains of industry, energy, transportation, and building. Thus, building with local materials
that are less expensive and less polluting to the environment 1s a promising and effective solution.
Earthen matrix-based building materials are one of the most prominent solutions, especially in dry
desert areas. Earth construction 1s common 1n less developed countries. However, the temptations
towards more polluting building techniques based on fired bricks and reinforced concrete are likely

to favor a change towards a clear unsustainable pattern|28].

The chapter reviews the recent research papers, which focused on the use of plant aggregates, and
fibers in the reinforcement of compressed earth block materials. Firstly, it represents a general
overview of raw earth-based materials, clay minerals, plant aggregates and fibers and their
properties. Thereafter, the mechanical behavior and thermo-physical properties of compressed

earth block based on various types of plant aggregate and fiber are summarized.
2.2 Energy, environment, and sustainable building materials

The rapid development of technology has led to the use of energy in huge quantities for
manufacturing the requirements of man in a modern way, especially the main requirements such
as building materials. The great demand for the building materials industry is increasing, especially
in recent decades due to the rapid population increase that has caused a chronic shortage of housing.
The production of building materials 1s increasing to meet the ever-increasing demand for housing.
The production of traditional building materials such as cement, fired bricks, steel, wood, and
aluminium consumes a lot of electrical and thermal energy, thus polluting the land, air, and water.
Energy consumption in buildings worldwide represents approximately 40% of the total energy
consumption, responsible for 25% of the total CO2 emissions [29]. In Algeria, energy consumption

in the construction sector represents approximately 42% of the total energy consumption and 1s the
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largest energy-consuming sector[6]. Energy demand should have grown by about 40% to 16.8
billion tons of equivalent petroleum between 2007 and 2030[28]. The increasing demand for energy
worldwide 1s a major reason for the unsustainable development of the world.

In recent years, climate change is one of the biggest threats facing the world, as well as a difficult
economic and environmental problem. In highly industrialized countries, the beginning of the 21*
century was marked by a general awareness of the need to limit the impacts of human activity on
the environment. The results of the 2009 United Nations Climate Change Conference (the World
Climate Summit in Copenhagen) showed that we are still far from the international consensus on
the means that must be implemented to reduce the impacts of human activity on the
environment[30]|. However, it is no longer possible to ignore the incentives and constraints that
lead to the integration of projects, whatever the sector of activity in the approach to sustainable
development. Given the critical importance, the construction sector has to effectively address
environmental issues including, waste generation, greenhouse gas (GHG) emissions, energy
consumption, and consumption of non-renewable resources. Energy consumption during the life
of a building depends on various factors: construction materials, construction, use, maintenance,
and demolition or end of life[31]. Because of their widespread use as basic building materials,
concrete and cement production results in significant emissions of greenhouse gases and places
strain on the availability of natural resources, such as water (see Fig.2.1). Cement accounts for 36%
of all emissions related to construction activities and 8% of total anthropogenic CO2 emissions[32].
Concrete production worldwide contributes about 4.8% of sulfur oxide emissions, 7.8% of nitrogen
oxide emissions, 5.2% of particulate matter emissions smaller than 10 microns and 6.4% of
particulate emissions smaller than 2.5 microns[2]. In addition, the concrete industry was
responsible for 9% of global industrial water withdrawals in 2012[4]. Its production results in high
emissions of greenhouse gases, which is the primary focus of research and mitigation strategies in

the building materials industry[2].
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Fig.2. 1. The contribution of cement and concrete production to global warming|32].

The construction industry may be the most widely used field for sustainable development, since
scientific awareness has led to the valorization of industrial and natural waste in the production of
sustainable building materials. According to Miller[5], alkali-activated materials produced with
calcined clay or industrial waste products appear to be a scalable technology. Due to raw material
inputs, these materials would likely only contribute to mitigation of CO2 emissions if the emissions
from the alkali-activator could be reduced. Currently, industrial and agricultural waste are
commonly used 1n the production of cement, mortar, concrete and earth building materials (see
Fig.2.2). Many studies have recently concentrated on waste recycling and its application in the
building materials sector to develop less costly, environmentally friendly and sustainable building

materials[26], [27], [33]-[40].
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Fig.2. 2. Types of waste materials used in building materials[41].
2.3  Earth-based building material

2.3.1 Background of earth-based buildings

The scientific community has increased interest in earth construction in the last decade, evidenced
by the tenfold increase of the published research articles compared to the previous decade|28].
There 1s no consensus about when humanity began to use earth as a building material. The earliest
known uses of earth as a building material, according to Minke| 10], extend back more than 9,000
years, based on the discovery of earth block (adobe) based homes in Turkmenistan dating from
between 8000 and 6000 BC. The oldest adobe blocks discovered in the Tigris River basin date from
7500 BC, implying that earthen construction has been utilized for nearly 10,000 years. Even the
Great Wall of China whose construction began about 3000 years ago has extensive parts built by

rammed earth.[28].
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Fig.2. 3. Parts of the Great Wall of China made by rammed earth[42].
Fig 2.4 show the town of Shibam in Yemen with multi-story earth buildings (about 11 stories and

up to 8 reaching 30 meters) was built 100 years ago and 1s considered the oldest skyscraper city in
the world [28]. The south of Algeria 1s characterized by a dry and hot climate, so the people living
in these areas used earthen construction in the past centuries, and it is still widely used today,
especially in rural areas. Algeria contains many Ksour (local name) of earthen buildings that are
among the heritage of the country and have remained as a witness to this type of construction
(Fig.2. 5 and Fig.2.6). In the city of Adrar (Algeria), architect Michel Luyekx designed a regional
hospital in 1943, which was the first model of an earthen public building.

Fig.2. 4. The town of Shibam with multi-story earth buildings, Shibam, Yemen (Internet sources:
Google.com).
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Fig.2. 5. Ksar of Mougheul sited in the city of Bechar (south-west Algeria) [43].
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Fig.2. 6. Hotel "Ksar Massine" (Timimoune, Algerie) (Internet sources: Google.com).
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Nearly half of the world's population now lives in earth-based dwellings. The majority of earth
construction 1s found in less developed countries, but 1t 1s also found in Germany, France, and the
United Kingdom, which has over 500,000 earth-based dwellings. Earth construction has increased
significantly in the United States, Brazil, and Australia, owing to the sustainable construction
agenda, in which earth construction plays a key role. The French laboratory CRATerre, formed in
1979 and related to the Grenoble School of Architecture, was able to sustain a strong and constant
action in the promotion of earth construction after receiving institutional recognition from the
French Government in 1986[28].

(O UNESCO world heritage sites y
@ Regions of recorded traditional earth construction

Fig.2. 7. Map of the traditional earth-construction regions around the world, with the locations of the
UNESCO world heritage sites[44].

Aerated concrete blocks

Concrete blocks [ 701143

Earth bricks [ 22

0 S0 100 150 200 250 300 350 400
kg CO,/Tonne

Fig.2. 8. Embodied carbon in different masonry materials[28].
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There are three main advantages of raw earth construction. From a socio-economic point of view,
one of the first advantages of this type of construction is the fact that the base material is widely
available and often immediately available to users. In addition, before the rise and expansion of
modern materials such as concrete and steel, every region of the world had a long history of general
construction. The ancient built heritage and archaeological remains are immortal witnesses. Thanks
to its wide availability, raw soil material 1s found in constructive culture in different regions of the
world. In 2011, 1t was estimated that about 10% of the share of earthen construction is in the World
Heritage. The cost of producing and transporting modern building materials, in this case, concrete,
makes them unavailable to people in developing countries. The environmental aspect of raw earth
construction is one of the most promoted advantages in the current context of combating global
warming. The environmental impact of transportation is limited by the principle of availability of

materials near the construction site and it's almost infinitely recyclable[45].

Recently, a certain number of intrinsic properties of raw earth material, which have been used for
a long time 1n old buildings, are nowadays of particular interest to those involved in the building
industry. Thanks to its hygroscopic capacities, the raw earth material is able to naturally regulate
the humidity of the air and consequently the temperature inside the building. First, the natural
adjustment of indoor humidity limits the risks of pathologies linked to prolonged condensation
such as the appearance of molds and respiratory diseases for residents. In addition, the resulting
thermal inertia would reduce the energy costs of heating and air conditioning homes depending on
the climate of the region[10], [28]. Thus, earth-based materials allow better balance and control of

the interior thermal and acoustic climate compared to usual construction materials.

Proper selection of building materials can decisively contribute to reducing energy consumption in
the construction sector. Therefore, priority should be given to the use of local materials such as
earth. For a three-room house of 92 m* made of earthen walls, the values represent a reduction of
7 tons of CO; compared to ceramic bricks and a reduction of 14 tons of CO; in the case of using
aerated concrete blocks (see Fig. 2.8.). Replacing just 5% of the concrete blocks used in UK
construction by earth masonry would mean a reduction in CO2 emissions of approximately 100,000
tons[28]. In 1993 in Algeria, the Scientific Research Center CNERIB produced a guide on building
by stabilized earth concrete. A prototype was produced within the CNERIB in 2007, which they

named "energy efficient house". This prototype i1s fitted with solar panels (Fig.2.9).

12
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Fig.2. 9. Energy efficient house, prototype produced at CNERIB, Algeria(Internet sources:
Google.com).

2.3.2 The main unfired earth construction techniques
Earthen construction techniques have been used for thousands of years with several methods of
manufacture. The most important earthen construction techniques are Wattle and daub — cob,
Adobe (moulded bricks), and Rammed earth that have been used for a long time in the world. The
compressed earth block (CEB) is the most modern technique compared to other techniques.

4+ Adobe
Adobe 1is a fairly simple earthen construction technique that was used 1in most ancient structures.
These bricks are obtained from a mixture of clay soil and water as basic materials. Adobe is derived
from the Arabic word "Attob," which meaning sun-dried brick. The process of making adobe bricks
involves filling wooden molds with moist earth and drying them in the sun. Because shrinkage
fractures 1n adobe's surface can occur when it dries, several authors[46] recommend using straw or
other vegetable fibers to prevent this.

+ Wattle and daub — cob
The wattle and daub technique (torchis in French, tabique in Portuguese) are used for almost 6000
years. In the wattle and daub technique, the earth 1s pressed against a woven lattice of wooden
strips. As to the cob technique (bauge in French) it involves mixing earth with straw and water to

form layer by layer masonry walls (cob 1s an old Englishword for loaf)[1], [28].

13



CHAPTER 2: LITERATURE REVIEW

Fig.2. 10. Cob house in Devon, UK[47].
+ Rammed earth
Rammed earth is a process of building mud walls, compacted in a formwork in successive layers
using a pestle. Rammed Earth (RE) has different names such as taipa (in Portuguese), tapial (in
Spanish) and pise/de terre (in French)[48].

Fig.2. 11.a) Manufacture of a rammed earth wall; b) Desert Cultural Centre (Osoyoos Indian Band);
¢) Contemporary house made of Rammed earth (China) (Internet sources: Google.com).
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+ Compressed earth blocks

The use of compressed earth blocks in masonry was first adopted in the middle of the twentieth
century. It is now, ahead of rammed earth, the most widespread contemporary technology of
construction with raw earth. The blocks are manufactured by pressing soil into block moulds with
a manual, mechanical, or hydraulic press[1]. Among the many earth materials techniques,
compressed earth block (CEB) has several advantages, notably its compressive strength, but the
thermal resistance of CEB i1s lower compared to adobe wall of the same thickness. CEBs are a
modern evolution of the adobe. The CEB technique is considered as one of the most promising
techniques of building materials and can serve as a suitable alternative to the conventional fired
clay brick. In fact, CEBs have been successfully built in both developing and developed countries.
In addition, CEB technology is a relatively recent development in construction and has become
more popular over the last 50 years[49]. Fortunately, CEBs are used as elements in the construction
of load-bearing walls or partition walls of residential or industrial buildings. CEBs also allow the
construction of special structures (arches, and domes). Today, the building materials market has a
wide and different range of compressed earth products (see Fig. 2.13). CEB products come in a

variety of shapes and sizes, and they are employed in a variety of public and building projects.

Fig.2. 12. Contemporary house made of compressed earth blocks (Internet sources: Google.com).

15



CHAPTER 2: LITERATURE REVIEW

1 m y m 3 . 4 . 5 m
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Fig.2. 13. Types of compressed earth block products(Internet sources: Google.com).
2.3.3 Background of soil

It 1s known that soil, especially clay soil, 1s a raw material for the manufacture of earth-based
building materials. Soil 1s a natural resource of mineral grains that can be separated[50], [51].

However, soil is considered a composition of four basic types: gravel (>2mm), sand (0.06—2 mm),

silt (0.002—0.06 mm) and clay (less than 0.002 mm)[52].
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The term "clay" has no universal definition. Thus, the word "clay" has two meanings: one is linked
to grain size, and the other is related to mineralogy. However, any mineral with a particle size of
less than 2 micrometers is considered "clay"” by geologists. In addition, clay 1s a natural binder that

helps earth materials particles bond when they reacted with water.
2.3.2.1 Clay minerals

Clay 1s a product of the erosion of feldspar and other minerals. Feldspar contains aluminium oxide,
a second metal oxide and silicon dioxide. One of the most common types of feldspar has the
chemical formula AlbO3 - K2O - 6S102[10]. Clays are alumino-silicates with a laminated (or
lamellar) structure formed by the stacking of hexagonal layers: tetrahedron S104 and compact
layers: octahedron Al>Oes. All clay minerals consist of two basic sheets which are characteristically
stacked and which have certain cations in the tetrahedron and octahedron sheets. In the field of
engineering, only the most common clay minerals contained in so-called clay soils are noted. The
main groups of clay minerals are thus characterized by a constant number of these layers forming

a set of sheets; the thickness of the sheets being an essential characteristic of the mineral.

Non-clay mineral particles such as quartz and calcite may also be present in clay compositions[53].
The minerals kaolinite, illite, and montmorillonite are the three main minerals of crystalline
components that make up clays[50], [51]. Clay minerals are also found mixed with other chemical
compounds, particularly with hydrated iron oxide (Fe2Os - H20) and other iron compounds, giving
the clay a characteristic yellow or red color. Manganese compounds impart a brown color; lime
and magnesium compounds give white, while organic substances give a deep brown or black color.

Clay minerals usually have a hexagonal lamellar crystalline structure. Furthermore, there may be
isomorphic substitutions in the tetrahedral (Si** — Al°*, Fe’*) and/or octahedral (Al1°* —» Mg,

Fe’*, or Mg** —Li") layers[54]. These substitutions lead to a charge deficit which is compensated,
outside the sheet, by compensating cations. These lamellas consist of different layers that are
usually formed around silicon or aluminium cores[10]. The classic classification is based on the

thickness and structure of the sheet. There are four groups[55]:

4

** 1/1 or T-O type minerals: the sheet is made up of a tetrahedral and octahedral layer. Its

thickness is around 7 A° (angstrom). Each sheet is connected to another sheet through labile
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hydrogen bonds. The property of this bond is to allow the cohesion of the crystal while
leaving the possibility of cleavage of the different sheets.

** Minerals of the 2/1 or T-O-T type: the sheet is framed by two tetrahedral layers. Its
thickness 1s about 10 A°. The tetrahedral layers can either contain silicon and oxygen atoms
or have a partial substitution of silicon atoms by aluminum atoms. In this case, the layers
present a deficit in positive charges (substitution Si4+ by Al3+).

*+ Minerals of the 2/1/1 or T-O-T-O type: the sheet consists of an octahedral layer flanked
by two tetrahedral layers. Its thickness 1s about 14 A°.

+»» Interstratified minerals: these minerals result from the regular or irregular mixture of

clays belonging to the above groups. The thickness of the sheet is variable.

Silica

(D and | = Oxygen @ and @ = Silicon

la) Single (b) A tetrahedron

Aluminum

(O and: - = Oxygen or Hydroxyl @ = Aluminum

(c) Single octahedrons (d) Octahedral sheet

Fig.2. 14. (a) Silica tetrahedrons, (b) silica sheets, (c) single aluminum octahedrons, and (d)
aluminum sheets[51].
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Fig.2. 15. Structure of kaolinite, Illite, and Montmorillonite[51].
Table.2. 1. Clay minerals[56].

Name of mineral

R —— ——a

Structural formula

i Kaolin group

1. Kaolinite

2. Halloys

ite

I1. Montmorillonite group

Montmorillonite

I11. Illite group
Illite

+ Kaolinite

A1,Si,0, (OH),
A1,Si,0,(OH),

Al,Si 0, (OH),nH,0

K, (Al,Fe, Mg, Mg)Si;

Al (OH),0,,

Kaolinite is one of the most common clay minerals in sedimentary and residual soils. A unit sheet

of kaolinite, which is approximately 0.7 nm thick, is composed of one aluminum octahedral layer

and one silicon tetrahedral layer, joined together by shared oxygens[50]. Thus, Kaolinite is a two-

layer mineral T-O. Its structure is stable, so it does not swell when there 1s water. Kaolin clay i1s

currently used in a variety of industries, including the pharmaceutical industry. Kaolinite 1s used in

the paper industry both as a filler in the mass of paper and as a surface coating. In addition, it is

used to treat certain digestive disorders. Thus, kaolinite is excellent for stomach problems. Calcined

kaolinite is used as a mineral addition (metakaolin) in the production of building materials and in

agriculture (including organic farming).
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Fig.2. 16. Structure of Kaolinite[57].

Fig.2. 17. Scanning electron microscope (SEM) photograph of kaolinite[50)].
4+ Illite

[llite 1s the most common clay mineral in stiff clay sand shales as well as in postglacial marine and
lacustrine soft clay and silt deposits[50]. The mica-type mineral found 1n argillaceous sediments
was given the name illite by Grim, Bray, and Bradley in 1937[58]. It is often present, some-times
interstratified with other sheet silicates, in sedimentary and residual soils, except in residual soils

derived from amorphous volcanic material. Illite 1s also referred to as fine-grained mica and
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weathered mica. However, in microscopic illite particles the stacking of the sheets is not so regular
as 1in well-crystallized micas, and weathering may remove intersheet K™ from the edges of the
plates. The resulting illite particles, with terraced surfaces where one or more unit sheets terminate,
have frayed and tattered edges are flexible and elastic, are 10 to 30 nm in thickness, have a

breadth/thickness of 15 to 30, and have a specific surface of 80 to 100 m%*g. A SEM
photomicrograph of illite particles is shown in Fig. 2.19[50].

Fig.2. 19. Scanning electron microscope (SEM) photograph of illite [50].
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+ Montmorillonite

Montmorillonite, the most common member of a group of clay minerals known as smectites, is the
dominant clay mineral in some clays and shales and in some residual soils derived from volcanic
ash. Relatively pure seams of montmorillonite are found in some deposits, and bentonite being the
best-known example. A unit sheet of montmorillonite i1s similar to that of the micas. In
montmorillonite, octahedral Al is partially replaced by Mg atoms. Each 1somorphous replacement
produces a unit negative charge at the location of the substituted atom, which is balanced by
exchangeable cations, such as Ca™ and Na“ situated at the exterior of the sheets. In a packet of
montmorillonite in the anhydrous state, where as many as 10 unit sheets are in contact, the stacking
of the sheets 1s disordered in the sense that the hexagonal cavities of the adjacent surfaces of two
neighboring sheets are not matched face-to-face. In a hydrous environment, water molecules
penetrate between the sheets and separate them by 1 nm (i.e., four molecular layers of water)[50].
Montmorillonite clays are composed of extremely small units of indefinite shape, which disperse

in water into very thin flakes[53].

nHxO

QO Oxygens @) Hydroxyls @) Aluminum, iron, mognesium
QO ond @ Silicon, occasionally aluminum

Fig.2. 20. Structure of montmorillonite. According to Grim[53].
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Fig.2. 21. Scanning electron microscope (SEM) photograph of montmorillonite [50].

24  Soil selection for earth building materials

The characterization of soils i1s important because not all soils are suitable for earth building. There
are several tests to identify the characteristics of a soil, the objective of which 1s the correct
selection for earth building. These characteristics include chemical composition, particle size
distribution (Texture), Atterberg limits, and mineralogical composition. The type of earth (i.e. soil
gradation and its plasticity) is one of the important factors that decide the properties of compressed

earth block.
2.4.1 Texture

The content of the different sizes of particles or fractions that make up the soil is known as texture
or granularity. Wet sieving and a sedimentation test are used to determine the particle size
distribution (for the fineness of the soil). It is very important to respect the minimum clay content
for all techniques (see Fig. 2.22). There 1s always a minimum clay content that can be established,
in 5% based upon the information offered. It has been found that for clays (particles under 0.002
mm), all recommendations include contents of 10-22% for CEB and 10-15% for rammed earth. A

silt content (0.002 and 0.06 mm) common to all recommendations would be 10-25% for CEB|60].
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Fig.2. 22. Granularity nomograms showing recommended areas for particle size distribution of soils
for adobe, rammed earth and compressed earth blocks[60].

It has been discovered that there is always an optimum clay content corresponding to the lowest
void ratio in a given soil mix. With this clay content in cement stabilized soil bricks, the maximum
compressive strength is obtained. Optimum clay content is found to be 10% and 14% for fine-
grained and coarse-grained soils, respectively. Moreover, it is reported that, soils with clay content
of 15-30% are most suitable in blocks making. However, suitability of the soils also depends upon
the variation of cement content. Further increase in clay content impairs the effectiveness of cement

due to presence of unstabilized cohesive soils, which reduces the bonding between cement and soil

[61].
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Fig.2. 23. Suitable gradation of soil for stabilized compressed earth block (CEB) [61].
2.4.2 Plasticity

The plasticity is the ability of materials to keep a deformation without breaking. As more water is
added, soils transition from dry to plastic and fluid states, depending on the water concentration.
Plasticity markers such as Atterberg limits are often used. The liquid limit (LL), plastic limit (PL),
and plasticity index, PI (PI= LL — PL) are laboratory test standards that are commonly used in earth
building. They are suggested that soils with PI and LL within the region common to all the proposed

graphs, shown in Fig. 2.24, with PI of 16-28 and LL of 32-46, are good soil for earth building in
general. [60].
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Fig.2. 24. Plasticity nomograms showing recommended areas of PI/LL of soils for adobe,
compressed earth blocks or rammed [60].

Much variation was observed in the soil plasticity used or recommended by various researchers,
irrespective of the stabilizing methods adopted. However, almost all the soils lie in between the A-
line [PI = 0.73 (LL-20), which separates the more clay like materials from silty materials and the
organics from inor- ganics| and U-Line [PI = 0.9 (LL-8), representing the upper bound for general

soils][61] (see Fig.2.25).
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Fig.2. 25. Soil plasticity recommended for brick production[61].
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2.5 Techniques for stabilizing earthen materials

Earth i1s an inexpensive, renewable natural resource that is suitable for making environmentally
friendly building materials. However, problems in the construction with earth are to ensure its
durability against water and mechanical strength. For this reason, lime, cement or both are added
as chemical stabilizers[11]-[14]. There are three main stabilization methods: (1) mechanical
stabilization, (2) physical stabilization and (3) chemical stabilization.

2.5.1 Mechanical stabilization

The mechanical stabilization of the soil 1s by compacting it, which changes its compressibility,
density and porosity. However, the idea of compacting the soil to improve the properties of molded
earthen blocks 1s old, and the first compacted earthen blocks were produced with wooden
pestles[62]. Soil compaction allows to obtain a material with high mechanical properties. Three
types of compaction are used to improve the engineering properties of soil: dynamic, static and
vibratory[63]. Guettala ef al.[64] investigated the influence of compacting force on the properties
of CEB. They[64] mentioned that the compressive strength, capillary absorption, and durability
properties of the CEB block improve as the compaction stress increases. On the other hand, It was
found that for specimens without fibers the increase in compaction pressure from 1.5 MPa to 5
MPa (about 330%) resulted in a very important increase in dry compressive strength of about
240%, and from 5 MPa to 10 MPa (100% ) compaction pressures there is an increase in strength

about 120% [ 18].
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Fig.2. 26. Influence of compacting stress on the compressive strength of CEB[64].
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2.5.2 Physical stabilization

Physical stabilization can take two forms: either modifying the soil's qualities through enhancing
the material's properties, or correcting the grain. In this case, the action is conducted directly on the
texture, and the resulting combination reduces the plasticity of the basic soil by adding sand, or
gives 1t a certain consistency by adding granules. Fibers can also be added to clay soil. As the clay
shrinks as the soil dries up, this improves the material's structure by preventing it from cracking.
According to Guettala et al.[64], the compressive strength in the dry and wet state increases with
increasing sand concentration. For 30% sand content, there i1s a development of compressive
strength in the dry and wet state about 24% and 28%, respectively. Indeed, Bouhicha et al. [46]
suggested that the linear and volumetric shrinkage decreased when both the amount and length of
plant fibers in soil augmented. On the other hand, Millogo et al. [65] observed that integrating short

kenaf fibers allowed reducing the propagation of cracks in earth blocks.
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Fig.2. 29. Influences sand content on compressive strength[64].
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Fig.2. 30. Linear and volumetric shrinkage variation with fiber fraction[46].

2.5.3 The main chemical stabilizers of earthen materials
2.5.3.1 Cement

Portland cement is composed of four major oxides: CaO, S102, Al2O3 and Fe>Os. Portland cement
1s made by firing a mixture of clay and limestone as raw materials at about 1450 °C, and the clinker
1s produced. The clinker 1s mixed with a small amount of CaSO4 to obtain the cement. This process
of calcination liberates CO; from the CaCO; to form CaO (quicklime) and other cementitious
compounds|[66]. Portland cement 1s a multi-component system, in which the clinker phases CsS,
CaS, CsA and CsAF are the major compounds. According to the literature, increasing the cement

content in earthen blocks improves mechanical strength and durability[12], [18], [67].

2.5.3.2 Lime

Quicklime production needs only heating raw limestone that contains calcium carbonate (CaCQO3)
at about 900 °C, which makes the use of quicklime preferred as a stabilizer to protect the

environment and reduce energy consumption compared to cement. Lime 1s a traditional chemical
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binder, and its properties are compatible with soil, especially when clay and fine particles are
present[15]. In addition, treatment of soil with lime 1s one of the economical techniques to improve
the strength characteristics and reduce soil swelling [ 16]. Four types of reactions can take place
during the stabilization of soil with lime: (1) cation exchange, (2) flocculation and particle
aggregation, (3) lime carbonation, and (4) pozzolanic reactions between lime, silica and alumina.
Reactions 1 and 2 lead to improvement in soil plasticity and workability. Reactions 3 and 4 lead to
the formation of cementing products and are responsible for long-term increase in durability and

soil strength [68].
+ Cation exchange and flocculation

These reactions result from the replacement of univalent sodium (Na ) and hydrogen (H ™) from
the earth with divalent ions, calcium ions (Ca* *) from lime. Cationic exchange causes cations (Ca®
") to adsorb to the surface of particles and decrease their electronegativity, thereby promoting
flocculation. The action of calcium 1ons begins immediately after the addition of lime to the soil.
A decrease 1n the plasticity of the soil occurs, it then becomes brittle and breaks easily. The reaction

usually takes place within 96 hours[69].

+ Pozzolanic reaction

After the reaction with lime, the silica and alumina present in the clay particles promote the
formation of calcium silicate hydrates (C-S-H) and or calcium aluminates hydrates (C-A-H) as

indicated 1n reactions (2.1), (2.2) & (2.3).

CaO+H>0O — Ca (OH)2 (2.1)
Ca (OH)2 +S10; — CaO - S10,— H,0 (C-S-H) (2.2)
Ca (OH)2 +AlhO3 — CaO - A1:O3— H20O (C-A-H) (2.3)

The pozzolanic reaction 1s the most important in stabilization. At temperatures below 55 °C, these
reactions slow down and may continue for several years, while temperatures above 55 °C accelerate
them[69]. The solubility of fine quartz in the medium 1s linked to the increase of pH, due to lime
additions. In this condition, the calcium silica hydrate formed (C-S-H). Thus, the high pH basic

medium increases the solubility and reactivity of silica and alumina present in clay particles. It 1s
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postulated that calcium 1ons combined with dissolved silica and alumina in the clay network to

form additional cementitious material (C-S-H and C-A-H)[13].

A schematic model describing the physicochemical process initially proposed by Ingles and
Metcalf (1973) and later modified by Choquette (1988) to take into account the results for high
water content soils is presented in Fig.2.31. This model illustrates how the reaction products are
disseminated within the soil matrix, creating bridges between or on soil particles. This cementation
process is responsible for the increase in strength and acts primarily on the cohesion component of
the shear strength parameters of the soil. On the long term, a high water content soil may even
perform better than a soil with a low water content, likely because movement of solutes is eased

within the porous space (Fig.2.31)[68].
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Fig.2. 31. The model proposed for lime stabilization of clays[68].

4 Carbonation

The lime carbonation process is made by a reaction between the lime and CO2 coming from the air
to form limestone (CaCOs) |[10]. The reverse reaction occurs when lime 1s produced from
l[imestone, and should be avoided since the calcium and magnesium carbonates formed prevent
resistance from developing. Carbonation also occurs when the soil does not contain a sufficient
amount of pozzolanic clay, or because too much lime has been added. CaCOs; increases soil

plasticity and binds to lime so that it cannot react with pozzolanic materials. Therefore, adding a
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lot of lime to the soil does not lead to beneficial results|69]. Millogo et al. [ 13] mentioned that the
contribution of the pozzolanic reaction, involving kaolinite (the unique clayey constituent of the
raw material), to C-S-H formation seems to be insignificant. The development of C-S-H together
with the formation of minor amounts of calcite, in <10 wt% lime samples, improved the mechanical
strength and the compactness of adobe bricks (Fig.2.32). The development of calcium silicate
hydrates (C-S-H) and formation of minor amounts of portlandite (Ca(OH)2) and calcite (CaCO3)
lead to improvement in the mechanical properties and the compactness of CEB. C-S-H is originated
from the chemical reaction between Si102 (fine grains of quartz) and CaO (quicklime). However,
higher quicklime additions, the quasi-absence of C-S-H and formation of higher amounts of

portlandite have negative effects on the mechanical properties of CEB [13].
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Fig.2. 32. Evolution of the compressive strength of clayey adobe bricks as function of lime
content| 13].
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Fig.2. 33. Product of hydration of cementitious materials by SEM (P = Portlandite, E = Ettringite, C-
S-H = hydrated calcium silicate)| 70].

According to Millogo et al. [13], SEM examinations performed on free lime and 4 wt.% lime
samples (Fig. 2.34 a and b) showed a heterogeneous structure consisting of 1solated particles
of kaolinite Calcium-rich zones, manifesting as bright areas (Fig. 2.34 b — Zone D), developed
in 4 wt.% lime sample. When the lime content increased to 6 wt.%, the tiny filiform free silica
disappeared and linkage between particles developed, resulting thus in the occurrence of a
homogeneous microstructure (Fig. 2.34 ¢). In this case, 1solated featureless particles (Fig. 2.34
e-Zone E), 1identified as C-S-H were developed. On the other hand, 1t 1s worth noting that coarse
grains of quartz displayed surficial pits (Fig. 2.34 d-Zone F), which apparently constituted
preferential sites for C-S-H and/or calcite nucleation. However, 1t appears that K-feldspar
grains (Fig. 2.34 e-Zone G) were unaltered. As the lime content increased to 12 wt.%,
portlandite and calcite, which manifested as bright areas (Fig. 2.34 {-Zone H), were extensively
formed. The excessive carbonation resulted in the occurrence of a heterogeneous

microstructure.
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C/5=0.6

Fig.2. 34. SEM micrographs of adobe clayey bricks samples and EDS analyses of areas quoted. (a)
Lime free sample, (b) 4 wt.% lime, (c) 6 wt.% lime, (d and e) 10 wt.% lime and (f) 12
wt.% lime[13].

2.5.3.3 Other promising chemical stabilizers
= Geopolymer

Discovered in the 1970s, geopolymers can be synthesized at low temperatures (25—-80 °C) using an
alkaline solution and an alumino-silicate material. Materials including amorphous silica, alumina,
and alkali hydroxide (NaOH/KOH) are commonly used 1n the synthesis. For the synthesis of the
binder, a variety of aluminosilicate materials can be employed. Metakaolin, rice husk ash, fly ash,
and volcanic slag are among them. Metakaolin appears to be the most extensively utilized
aluminosilicate material for manufacturing the geopolymer binder because its raw material (kaolin)
1s easy to synthesis without CO2 emissions, and it has excellent chemical and mineralogical
qualities (amorphous phase, silica and alumina content )[71]. It is a more environmentally friendly
alternative to conventional Portland cement. It reduces the carbon footprint of cement
manufacturing by relying on little processed natural resources or industrial wastes, while

simultaneously being highly resistant to many common building materials durability 1ssues[71]—
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[74]. Omar Sore et al[71]. mentioned that geopolymerization of compressed earth blocks (CEBs)
significantly improved their mechanical performance and gave them thermal properties that were
very similar to those of non-stabilized blocks. For a 15% geopolymer content, these materials
displayed properties comparable to those of Portland cement-stabilized CEBs, in particular with

regard to their stability in water.
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Fig.2. 36. Thermal properties according to the apparent density[71].

* Biopolymer

Biopolymers are produced from living beings and they can have very different features: plant or
animal origin, hydrophilic, hydrophobic, or amphiphilic behavior. Since prehistoric times, natural
polymers have been tried for soil stability. Natural Polymers were extracted from plants and trees.

In fact, solid additives (such as cow dung and vegetable residues) and liquids or powders are mainly
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used as biopolymers stabilizers[75]. Some tribes in Africa use proteins to provide an enzyme type
reaction to stable soil-based constructions. In the country of Mali wet mud 1s fermented with natural
polymers and rested for several days former to make earth walling blocks. It was found that South
African tribes dated 49,000BC used animal milk to stable soil and color pigments. Another similar
material 1s the cellulose properties of termite mound (White ant saliva) makes polymeric binder
used by white ants to make termite castles[76]. The findings of the study by Udawattha et al.[76]
revealed that, while natural polymers such as Pines resins exhibit favorable outcomes in terms of
strength development in earth blocks, they also have a number of disadvantages. The most

significant disadvantage 1s the high water absorption rate.
= Bio-cementation

Bio-cementation is a new environmentally friendly biochemical process that improves the physical

and mechanical properties of soil, which has attracted attention in the twenty-first century due to

its significant advantages over traditional reinforcement methods. This process is carried out by a
catalyst (urease enzyme) and other chemical solutions as a source of calcium and carbon (urea-
CaCl»). These reactions lead to the precipitation of calcium carbonate (CaCO3) in the form of solid
crystals, which increase the adhesion between the seeds of soil and increase the rigidity and the
mechanical resistance of the soil. The bio-cementation method 1s a difficult method to apply in the
practical field due to its high cost and the fact that it relies on enzymes and living organisms that

only perform under perfect conditions. These disadvantages must be overcome in the future.

Fig.2. 37. Optical microscopy and SEM images of bio-cemented sand[77].
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2.6. The use of plant aggregates and fibers in the formulation and elaboration of compressed

earth blocks
2.6.1 Background of the plant aggregates and fibers

Natural fibers such as date palm, kenaf, flax, jute, hemp, and sisal are still gaining increasing
interest after decades of high-tech development of artificial fibers such as carbon, and glass. In
recent years, because of the large consumption of non-renewable resources, the scientific
community began to search for appropriate solutions for the environment, and reduce the depletion
of non-renewable resources and replace them with renewable and sustainable resources. Recently,
scientific interest 1n natural fibers has increased as a component of building applications. The use
of plant fibers as a raw material 1s a return to ancient civilizations. For example, in Egypt 3000
years ago, walls were constructed by strengthening clay with straw[78]. The plant aggregates and
fibers are used in building materials according to their abundance in the study location. Plants waste
can be used as alternative fibers to traditional fibers, such as steel, carbon and glass fibers or as
plant aggregate in composite materials, especially those used in the construction field in order to
improve its ductility as well as thermal and mechanical properties. The use of natural waste in
building materials helps to reduce environmental pollution, saves natural resources and energy
production processes. Compared to synthetic fibers, natural fibers are very cheap, promising and

abundant.

Date palm tree are one of natural source of fibers, these fibers considered as plant waste with no
economic value. The date palm is commonly found in dry and hot regions of the world, especially
the North Africa, Middle East, and there are about 100 million date palm trees in the world[20].
Algeria is a land famous for dates production, because it has a large desert area and a large number
of palm trees that yield over 800 date varieties in its oases in the south and there are more than 18.7
million trees in Algeria[20], [21]. Palm trees produce huge amounts of waste every year. Farmers
usually burn it in the palm groves, which negatively affects the environment. However, this waste
can be valorized in the earth materials production like compressed earth blocks (CEB) or adobe by
the incorporation of date palm waste as thermal insulator or reinforcement in the formulation of

CEB for the production the ecofriendly CEB as building materials.
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Fig.2. 38. Classification of natural fibers[78].
2.6.2 Properties of date palm fiber and other fibers

Currently, natural fibers and bio-aggregate attract the attention of researchers and builders 1n the
construction industry, as they are eco-friendly, lightweight, cost-effective, and renewable
resources. The inclusion of natural fibers in the cement concrete or mortar and earth based materials
will contribute to solving the environmental problems associated with dumping or burning them

and improve the properties and durability of building materials[43], [73], [87]-[89], [79]-[86].

The date palm (Phoenix dactylifera 1.) is one of the oldest fruit trees cultivated for millennia in the
Middle East and North Africa region which produces around 2.6-2.8 million tons of waste,
deposited annually 1n landfills[90]. Date palm has an enormous importance in Saharan agriculture
and the main livelihood of populations living there. According to the 2018 data from the Food and
Agriculture Organization of the United Nations (FAQO), Algeria 1s the fourth largest date producer
in the world and the second in Africa after Egypt, with 1,904,700 tons of dates harvested and a
cultivation area of 168,855 ha|91].
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Fig.2. 39. Date palm tree[90].

A statistical study perfermed among farmers and agricultural organizations in the region of Biskra
has estimated that approximately 47.57 kg of palm residues i1s obtained per tree annually. This
quantity of residues is made up of 28.7% Leaflets, 27% Rachis, 23.9% Petioles, 6.3% Fibrillium,
5% Spathes, 4.9% Bunches, 3.3% Pedicels, and 0.8% Thorns[92]. In fact, this natural resource can
be exploited sufficiently as many other natural fibers such as jute, flax, ramie, hemp and sisal which
are used as reinforcement in many industrial applications. Utilizing date palm fiber and date palm
bio-aggregate for industrial applications as a reinforcement in building materials, polymeric and

inorganic martrices is relatively a new application.
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Fig.2. 40. Different parts of date palm wood: (a) Rachis, (b) Thorns, (c) Leaflets, (d) Petiole, (e)
Spathe, (f) Bunch, (g) Pedicels, (h) Fibrillium[92].

Each palm tree can grow up to 100 years with an average 35 kg of palm residues per year. The
estimated annual palm tree raw fiber production is around 4200 tons. Fig. 2.41 gives a direct
comparison between the annual production of different natural fibers. From this figure, one can
realize that the annual estimated palm fiber production bests all other sources with more than 10
times of sisal fibers. The price of plant fiber is determined by the quantity available and the market
demand for these fibers. The annual production of date palm and hemp fibers, for example, is
4,200,000 tons and 214,000 tons, respectively. Date palm fibers are 60 times cheaper than hemp
fibers due to the difference in production ratio, with a market value of around $20 per ton (down

to no >0.02$/kg)[93].
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Fig.2. 42. Comparing the price of some natural fiber types used in the automotive industry with date
palm fibers[93].

2.6.2.1 Chemical properties

The biological structures of vegetable fibers (date palm, sisal, hemp, cotton, jute, flax, kenaf,
coconut, wood, etc.) are mostly made up of cellulose, hemicelluloses, and lignin. Cellulose is a
polymer with a largely crystalline structure, unlike the other components of the fiber, which have
an amorphous structure. If the absorbed water 1s ignored, the main elements of cellulose-based
reinforcements are three types of chemicals: cellulose (about half), hemicellulose and lignin (about

a quarter). Pectin and waxes are two further extractives found in plant sources[94].

42



CHAPTER 2: LITERATURE REVIEW

Microfibril
@20 nm

Macrofibril

Fig.2. 43. Schematic structure of a vegetable fiber[95].
4+ Cellulose

Cellulose 1s a natural polymer that is the most widely available biopolymer on earth. Cellulose is a
chemical starting material for synthetic textiles, adhesive films, and a variety of other products. It
1s utilized 1n a variety of industries, including packaging, textiles, and paper, as well as a food
additive. Cellulose has been and continues to be the intriguing subject of a vast amount of
research[96]. Its crystalline structure giving it a modulus of elasticity of roughly 136 GPa,
compared to 75 GPa for glass fibers. Vegetable fiber is comparable to a composite material
reinforced by cellulose fibrils[78]. Anselm Payen discovered cellulose as a common material in
plant cell walls for the first time in 1838. A natural polymer consisting of D-glucose (CsHi120g)
monomer units, cellulose contains glucose units which link together to form long unbranched
chains. Fig. 2.44 shows a schematization of the cellulose structure. There are roughly 4,000 to
8,000 glucose molecules strung together. The polymer chains in cellulose have a linear structure
due to the beta 1,4-p glycosidic linkages[94]. The cell unit form of cellulose is known in literature
by different names, such as microfibrils, elementary fibrils, and proto- fibrils. Such a configuration

of different cellulose components i1s shown in Fig.2.45[78].
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Fig.2. 45. Organization of cellulose components in the cell wall of a typical plant fiber[78].

According to Almi et al[92]. there 1s no significant difference between the samples on the contents

of cellulose, hemicellulose, and lignin. Nevertheless, it can be noted that

lignin content in Rachis

1s relatively high compared to the lignin contents in the other samples. Tl

his may be related to the

climate conditions and to the soil chemical composition in which the plants are growing.

Furthermore, the high content of cellulose brute in Fibrillium and Pedi
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varieties are more resistant 1n acid and alkaline environment which makes them more suitable to

reinforce alkaline matrix.

Compared to the chemical composition contents of natural fibers (Fig. 2.46), date palm wood
contains lower amount of cellulose. Nevertheless, the cellulose content in Leaflets, Bunch, Rachis,
Spathe, and Fibrillium i1s close to that of coconut and bamboo, and it belongs to the range of 38—
45% which is compatible to the reported cellulose content of softwoods (40—52% ) and hardwoods
(38-56% ). Cellulose contents in this range make these parts of palm tree a suitable raw material
for the paper and pulp industry. It can be noted also from Fig. 2.46, that date palm wood is rich in
lignin and it i1s close to lignin content of coconut. Like in coconut wood, the higher lignin content
makes palm wood very tough and stiffer compared to the other natural fibers and contributes to its
flexibility and its hydrolysis rate. The structural rigidity of the palm wood makes it a valuable
building material[92].
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Fig.2. 46. Chemical composition of date palm wood compared to other natural fibers[92].
4+ Hemicellulose

Carbohydrate monomers are assembled 1n various quantities into relatively short and generally
branching polymers to form hemicelluloses in the woody tissue of trees. Wood is generally
composed of 25-35% hemicelluloses by dry weight. Because hemicelluloses have a more open

structure than cellulose, they are more hygroscopic (i.e., they attract water molecules more readily)
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and are considerably more soluble. Their structure also makes them more heat-labile, that is, more
prone to thermal degradation, as compared to cellulose. Hemicelluloses are soluble in dilute alkali
(e.g., 1% sodium hydroxide) and are also hydrolyzed by weak acids. Some may even be solubilized
by hot water[96]. A fourth form of sugar polymers found in biomass 1s hemicellulose.
Hemicellulose consists of short, highly branched chains of sugars (Fig.2. 47). It contains five-
carbon sugars (usually D-xylose and L-arabinose), six-carbon sugars (D-galactose, D-glucose and

D-mannose) and uronic acid[94].
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Fig.2. 47. Structures of major hemicelluloses found in the wood[96].

#+ Lignin

Lignin is the second most common renewable organic material on earth after cellulose. Lignin i1s
an extremely heterogeneous macromolecule that represents about 30% of the organic carbon in the
biosphere. Unlike other carbohydrate-containing cellulose and hemicellulose, lignin 1s totally
amorphous and has a role in structural stiffness, which helps protect cell walls from harmful
organisms.|[ 78], [97]. Lignin 1s formed by the removal of water from sugar to create aromatic
structures. Lignin has an aromatic structure represented by three precursors: p-coumaryl, sinapyl,
and coniferyl alcohol (see Fig. 2.48) [96]. The amount of lignin in a vegetable fiber can range from

2% to 45%[93].
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Fig.2. 48. Lignin precursors or monolignols[96].

2.6.2.2 Physical properties

Date palm fiber (DPF) average density was determined by several researchers and it was noticed
to range between 0.199 and 1.98 (g/cm3), mainly lower than many other natural fibres such as
hemp, sisal and coir, this may give an added value in the development of composite materials. This
value may be important in developing light weight composite structures that may be suitable for
space and automotive applications[90]. Rachis and Bunch wood are considered as light wood 500—
650 kg/m3. While Petiole, Fibrillium, Spathe, Leaflets, Pedicels, and Thorns wood are classified
as very light wood (<500 kg/m3), which makes them soft and easy to handle. Concerning the rate
of water absorbed after 24 h by mass, the results show that Petiole, Spathe, and Fibrillium have
relatively high values compared to other parts. Petiole’s rate reached 140%, 1s lower than mean
rate of absorption of sisal 230%, and higher than that of coconut, which was 100%. The mean rate
of absorption of Rachis, Thorns, Pedicels, Bunch, Leaflets was lower than that of coconut, and this
could have a beneficial effect on the chemical treatment consumption to reduce the moisture
absorption of the fibers especially of the Rachis 36.88%. Results of thermal analysis show that
Leaflets variety provides the highest resistance to thermal degradation; its main degradation

occurred at 360 °C.[92].

2.6.2.3 Mechanical properties

Generally, date palm fiber mechanical properties such as tensile strength, tensile strain and
Young's modulus usually increase as cellulose content and cell length increases. The mechanical
properties of the eight date palm tree residues ranged slightly, according to the findings. Rachis has

the highest tensile strength and Young's modulus, which may be attributable to its chemical and
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physical features (relatively high cellulose content and lower porosity rate) [92]. Almi et al. [92]
have concluded from the experimental study that the results show that Rachis variety exhibits
relatively high values of tensile strength and Young’s modulus; they attained 213 MPa and 8.5
GPa, respectively. In contrast, Petiole variety exhibits relatively high values of specific mechanical
properties. This is due to its low value of bulk density, which is 0.160 g/cm3. Fig.2.49 shows that
Young’s modulus values of date palm fibers are close to that of coconut fibers and are considerably
lower than those of most vegetable fibers. This can be explained by the physical structure of the
natural fibers such as the crystal structure, the degree of crystallinity, the degree of polymerization,

the porosity content, and the size of the lumen in addition to the chemical composition[92].
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Fig.2. 49. Average Young’'s modulus of date palm fibers compared to other natural fibers[92].

2.6.2.4 Thermal conductivity

Other essential criterion in the building materials sector, particularly in the interior design of
structures, are excellent thermal and acoustic insulation capabilities. This requires materials used
in the buildings to have low thermal conductivity. Results had shown that date palm fiber has a
thermal conductivity coefficient of 0.083 (W/m K)[98], which 1s lower than that of hemp (0.115
W/m K) and very near to that of sisal (0.07 W/m K). However, results show that coir has the lowest
thermal conductivity coefficient with (0.047 W/m K). Fig. 2.50 summarizes these results. When
considering its appropriate thermal properties as well as its lower density, date palm fiber can be a

possible choice for building materials applications[93].
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Fig.2. 50. Date palm’s thermal conductivity with respect to other natural fiber types[93].
2.6.3 Properties of Compressed Earth Blocks (CEBs) materials modified with plant

aggregates or fibers

2.6.3.1 Effects of plant aggregates and fibers on the mechanical properties of compressed
earth blocks

2.6.3.1.1 Compressive strength

In recent decades, several research programs have been performed to investigate the effect of using
plant fibers, such as sisal, kenaf, banana and date palm fibers on mechanical properties of CEB
(18], [19], [49], [99]. Mostafa and Uddin[49] investigated the effect of the use of banana fibers.
They concentrated on the effect of fibers' length on the compressive and bending strength of CEB.
Laibi et al. [99] evaluated the effect of the length of kenaf fibers on the mechanical properties and
thermal conductivity of CEB. Taallah et al. [18], and Taallah and Guettala [19] presented an
experimental investigation to study the effects of the use of male date palm surface fibers on the
mechanical strength and physical properties of CEB. Other researchers studied the effect of the use
of plant aggregate on the properties of earth bricks, including corn cob, barley straw and hemp shiv
[100], [101]. For example, Laborel-Préneron et al. [101] investigated the effect of the use of hemp
shiv, corn cob and barley straw on the mechanical characteristics of earth bricks. Laborel-Préneron
et al. [100] also carried out an investigation to study the effect of hemp shiv, corn cob and barley
straw addition on the hygrothermal properties of earth bricks. According to many researchers [19],

[101], [102], the compressive strength of earth blocks materials 1s negatively affected by the
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incorporation of raw plant fibers. However, others found an increase in the compressive strength
of banana fibers with length varying from 50 mm to 60 mm [49], of kenaf fibers with length varying

from 10 mm to 20 mm [99], and of date palm fibers with 8% cement, and a compaction pressure

of 10 MPa and 0.05% of fibers [ 18].
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Fig.2. 51. a) Dry compressive strength of CEB as a function of fiber content; b) Fig. 6. Wet
compressive strength of CEB as a function of fiber content[ 1 8].
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days[19].
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Fig.2. 53. Results for compressive strength test[ 101].
2.6.3.1.2 Tensile and flexural strength

The addition of natural fibers is used 1n the manufacture of products of earth in order to reduce
shrinkage cracking and improve the tensile and flexural strength. The addition of fibers to mixtures
of CEB caused a decrease 1n tensile strength with the increase of the fibers content, and the lowest
value is found for 0.2% fibers content for all cement content used in the study of Taallah et al. [ 18].
For this work, the decrease in tensile strength compared to CEB without fibers is 23.5%, 18.5%

and 14% for 5%, 6.5% and 8% cement content, respectively[18].

Some authors have focused on the bending strength of earth blocks. An increase in bending
strength was observed in these studies with an addition of plant waste, for example, Bouhicha et
al. [46] with barley straw fibers and Mostafa and Uddin [49] with banana fibers with length varying
from 50 mm to 70 mm. Taallah and Guettala] 1 9] mentioned that in the case of 0.05% fiber content
and 8% and 12% lime content, there are slight increase in tensile strength. However, a general

slight decrease 1n tensile strength with increasing the fibers content.
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Fig.2. 54. Compressive and Flexural Strength of B-CEB[49].
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Fig.2. 55. Dry tensile strength of CEB as a function of fiber content [18].
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Fig.2. 56. Dry tensile strength of CEB after 28 days [19].
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2.6.3.1.3 Mechanical behavior

In order to evaluate the effect of the plant fiber or bio-aggregates on mechanical behavior and
ductility of materials, stress—strain or load—deflection curves were studied. Studies carried out on
compressed earth blocks based on plant fibers show a modification of the mechanical behavior of
the composite. According to Laborel-Préneron et al.[ 101 ], the reference specimens (FWAS) show
brittle failure, whereas the ultimate strain 1s high for the specimens containing plant aggregates,
especially those with 6% (Fig.2.57). Although these specimens are weaker than FWAS specimens,
they are also more ductile, with a larger zone of plasticity. Ductility of the composite is thus
increased by the addition of plant aggregates. The load-deflection curves illustrate that the addition
of plant aggregates increases the ductility, giving some residual strength and increasing the

deflection at failure of bricks (see Fig.2.58)[101].
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Fig.2. 57. Strain—stress diagram for all the specimens[101].
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Fig.2. 58. Typical load-deflection curves[ 101].
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Mesbah et al. [103] developed a direct tensile behavior test for compacted earth blocks reinforced
with natural sisal fibers. Mesbah et al. [103] reported that the advantages of using natural fibers as
reinforcement in a compacted earth block include both an improvement in tensile ductility
compared to a block without reinforcement and prevention of the propagation of tensile cracks

after their initial formation. According to the authors, before cracking, the fibers have not

significantly modified block behavior[ 103].
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Fig.2. 59. Tensile behavior of fiber-reinforced blocks Tests[ 103].

Laibi et al.[99] reported that the unreinforced material AO 1s characterized by an elastic linear
behavior up to catastrophic failure (domain I). In the case of formulation A3 (1.2% fiber content
and 30 mm fiber length), two additional domains can be distinguished. First, the domain of elastic
linear behavior is followed by domain II in which occurs a more or less pronounced decrease of
the stress (this first damage is identified as matrix cracking), then stress recovery extends up to the

maximum value. Beyond this level occurs stable crack propagation in domain III.
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Fig.2. 60. Bending stress-displacement curves of CEB based on Kenaf fibers [99].
2.6.3.1.4 Modulus of elasticity

The modulus of elasticity 1s one of the most important mechanical properties. The elastic modulus
1s measured by mechanical destructive experiments such as compressive, tensile and bending tests.
The modulus of elasticity (Young's modulus) i1s calculated to define the material mechanically.
Young's modulus is used in simulating complex structures using numerical methods such as the
finite elements method. There are many studied on the influence of the plant fiber or bio-aggregates
on the modulus of elasticity of compressed earth blocks. In this context, Laborel-Préneron et
al.[101] evaluated the effect of plant aggregates on the modulus of elasticity of unfired earth bricks.
This study showed that the modulus of elasticity from the compressive and flexural test decreases

when the percentage of plant aggregates (wood aggregates) in the earth material increases[101].

500

W FWAS

400
5
mH
300 1CC
o
b3
* 200
100 [Fres
0 .:::; :

0% 3% 6%
Plant aggregate content (%)

Fig.2. 61. Young’s modulus from compressive test as a function of the plant aggregate content[101].
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2.6.3.2 Effect of plant fiber and bio-aggregate content on physical and hygroscopic properties
of CEB

2.6.3.2.1 Bulk density

Several authors mentioned that the bulk density decreases due to the incorporation of plant fibers
or plant aggregate into the mixture of blocks [19], [101], [104]. Bouchefra et al.[ 105] mentioned
that the inclusion of raw and treated doum fiber from O to 2% has caused a decrease of density by

15.2% and 16.6% respectively.
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Fig.2. 62. Effect of raw and treated fibers content on bulk density of stabilized CEB by 9% of
lime[ 105].

Laborel-Préneron et al.[101] mentioned that the bulk density decreased as the aggregate content
increased for the three kinds of plant aggregates. In addition, the bulk density was higher for the
mixtures with corn cob than for those with straw or hemp. This difference may have been because
of the huge variability of the particle bulk densities: 497 kg m™ for corn cob against 57 and 153 kg

m ° for straw and hemp shiv, respectively[101], [106].
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Fig.2. 63. Bulk density as a function of the plant aggregate content[ 101].

2.6.3.2.2 Total water absorption, capillary absorption and swelling

The hygroscopic properties of earth materials are a very important indicator of the durability and
quality of this type of material. It 1s well known that wood has a high water-absorbent capacity.
However, the addition of plant fibers in building materials negatively affects the hygroscopic
properties of these materials, and this hypothesis has been experimentally proven. According to

several researchers[18], [19], [105], swelling and water absorption in CEB blocks increase with

the increase 1n natural fiber content.
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Fig.2. 64. Effect of fibers content on the total absorption in time of CEB (with 10 MPa of
compaction pressure): (a) 5% cement; (b) 6.5% cement; (c) 8% cement[18].
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Fig.2. 65. Swelling by immersion of CEB as a function of fiber content (with 10 MPa of compaction
pressure) | 18].
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Fig.2. 66. Effect of varying the fibers content on water absorption coefficient Cb of CEB stabilized
with 10% of quicklime after 7 days of oven curing[19].

—e— Untreated fiber|
—e— Treated fiber |

13-
12 -
11-

10 4

o
. i i

[ <]
i

Water absorption coefficient cb (g/cm?.min'?)

0.5 1.0 1,5 2.0
Fibers content %

ot
(=]

Fig.2. 67. Effect of untreated and treated doum fibers on water absorption co- efficient of CEB
stabilized by 9% of lime[105].
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2.6.3.3 Effect of plant fiber and bio-aggregate content on thermo-physical properties of CEB

2.6.3.3.1 Thermal conductivity

Laborel-Préneron et al. [ 100] also carried out an investigation to study the effect of hemp shiv, corn
cob and barley straw addition on the hygrothermal properties of earth bricks. The addition of 6%

of straw decreased the thermal conductivity by 75% in comparison with an FWAS specimen

whereas the decrease was only 55% in the case of an addition of 6% of corn cob[100].
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Fig.2. 68. Thermal conductivity of the different materials[ 100].
The results of the study of Taallah and Guettala [ 19] illustrate that increasing fibers content from

0% to 0.2% caused a decreasing of thermal conductivity percentage to 11.4% and 6.2% for
untreated and treated fibers respectively. Increasing fiber’s length and content had a positive impact
on the thermal conductivity of CEB. Also, the thermal conductivity of CEB decreases from 0.63
W/m.K to 0.57 W/m.K when the length of fibers increases from 0.4 cm to 2.5 cm and the thermal

conductivity of treated fibers 1s higher than that of the untreated fibers [105].
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Fig.2. 69. Effect of varying the fibers content on thermal conductivity of CEB stabilized by 9% of
lime[ 105].
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Fig.2. 70. Effect of varying the fibres content on thermal conductivity of CEB stabilized with 10%
of quicklime after 7 days of oven curing[ 19].

The study of Khoudja et al [25] shows a quasi-linear decrease in thermal conductivity with the
increase in the DPW content, which induces a gain in thermal insulation performance estimated at
49% for the case of an adobe containing 10% of DPW corresponding to a thermal conductivity of
0.342 W/ m.K which is smaller than that of control adobe whose thermal conductivity is equal to
0.677 W/m.K.

60



CHAPTER 2: LITERATURE REVIEW

2.6.3.3.2 Thermal diffusivity and thermal effusivity

The addition of the plant aggregates engenders a decrease of the thermal effusivity values. The
diffusivity 1s also affected by the introduction of plant aggregates, it decreases when the plant

content increases| 100].

Table.2. 2. Specific heat capacity (Cp), volumetric heat capacity (p4 .C;), calculated effusivity (E)
and calculated diffusivity (D) of the earth matrix and of the composite materials[ 100].

(kg ' K1) pacp(Im3K1) E(JK!'m2s) Dx107 (m?s1)

FWAS 774 1463,634 913 3.9
S3 786 1208,700 582 2.3
H3 791 1201,592 600 2.5
3 790 1320,745 680 &)
S6 800 879,555 351 1.6
H6 809 1028,455 454 1.9
CC6 808 1264,254 243 2.1

2.6.3.3.3 Specific heat capacity

The specific heat capacity (Cp) values of the composites (with plant aggregates) are only slightly
higher than earth material alone[ 100]. Khoudja et al [25] mentioned that when the date palm waste
(DPW) content went from 0% to 2%, the specific capacity increased from 1168.83 J/kg K to
1197.14 J/kg K, which is a 2.4%increase. This was followed by a decrease in the specific heat
occurred to reach the lowest value of 1010.45 J / kg K for the highest DPW content (10% ).
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Fig.2. 71. Thermal conductivity and Specific heat as a function of DPW content[25].
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Table.2. 3. Characteristics of CEBs based on plant fiber.

References  Type Type of Dosage  Length of Compressive strength Thermal
of Chemical [%] fibers (Min and Max) [MPa] conductivity (Min
fibers @ stabilization [mm)] and Max) [W/mk]
Taallah et Date Cement 0, 0.05, 2cm High value=12.8 with
al.,[18] palm 0.1, 0.05% of fiber content,
.15, 8%cement content and 10
0.2 MPa  of  compaction
pressure.
Less value=3.6 with 0.15%
of fiber content, 5% cement
content and 1.5 MPa of
compaction pressure.
Improvement with 0.05%
of fiber content, 8% cement
content and compaction
pressure of the 10MPa. A
gradual decrease with the
increase of fibers.
Taallah and Date quicklime 0, 0.05, 2cm High value=7.9 Less value=0.761,
Guettala[19] | palm 0.1, Less value=6.5 high value=0.851.
U.15, A gradual decrease with | A gradual decrease
0.2 the increase of fibers. with the increase of
fibers.
Mostafa and  Banana Cement _ 0, 50, 60, Less value=3.84, high | _
Uddin[49] 70 80, 90 | value=6.38.
100 Improvement with fiber
length of 60 mm.
Laib1 et | Kenaf | _ 0 and 10, 20 and @ Less value=4, high | Less value=0.8
al.,[99] 1.2 30 value=6. high value=2
Improvement with fiber @ The thermal
length of 30 mm. conductivity
decreases when the
fiber length 1s
increased.

62



CHAPTER 2: LITERATURE REVIEW

Table 2.3 summarizes the most important mechanical and thermal properties obtained from the

literature for compressed earth blocks incorporated by plant fibers.

2.6.3.4 Effect of plant fiber and bio-aggregate content on microstructural properties of CEB

Microstructural analysis of the samples was performed by scanning electron microscopy (SEM) in
the study of Laibi et al.[99]. Microscopic analyzes are carried out in order to confirm the apparent
results of the effect of adding plant fibers and bio-aggregates. The microscopic study of Laibi et al.
199] showed that the fibers strengthen the matrix after the first damage. However, when cracks
spread, the fibers slide against the matrix (Fig.2.72). The high tensile strength of natural fibers
compared to cement matrices, but the presence of these fibers rarely improves the tensile strength
of the reinforced materials. The reason for the decrease in the tensile and bending strength of
building materials reinforced with natural fibers as commonly assumed in the literature is the poor
adhesion between the matrix and the fibers. [18], [78], [101]. Water absorption by aggregates and
fibers has a significant impact on their matrix adherence. The soil 1s pushed away by the swelling
of the particles caused by water absorption over the first 24 hours. When the volume of the particles

reduces after drying, voids are created around them, as seen in Fig.2.73[88], [107], [108].

Fiber

Fig.2. 72. SEM Image of the Fracture Surfaces of CEB (a) and Fiber- reinforced CEB (b)[99].

63



CHAPTER 2: LITERATURE REVIEW

Soil-cement matrix Fibre expanded as soil dries Fibre shrinkage due to drying

Fig.2. 73. Interaction between natural aggregate or fiber and soil matrix after drying [ 107].

2.7 Digital Image Correlation technique (DIC)

Digital Image Correlation (DIC) 1s an important and widely used non-contact technique for
measuring material deformation[109]. In the field of experimental mechanics, digital image
correlation (DIC) is an effective and practical tool for full-field deformation measurement that has
been widely accepted and used|[110]. DIC uses image registration algorithms to track the relative
displacements of material points between a reference (typically, the undeformed) image and a
current (typically, the deformed) image[109]. Many recent studies [111]-[119]have focused on the
use of DIC technique to measure the deformation of materials while they are subject to forces.
Araya-Letelier et al[40] mentioned that the plain adobe beam presented small values of the
horizontal strains exx, which was consistent with its collapse right after the maximum load, whereas
the fiber-reinforced adobe beams presented significant larger (with respect to the plain adobe beam)
values of exx right before collapse, and these increment were larger as fiber dosages increased (see

Fig.2.74).
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I .::Ir:l
I

Fig.2. 74. Flexural toughness: (b) €, DIC of CFF0.0, (¢) €,, DIC of CFF0.25, (d) €, DIC of
CFF0.5, and (e) €., DIC of CFF1.0 (DIC images were taken right before collapse)[40].

Fig.2. 75. (b)-(d) DIC vertical displacement measurements before cracking, after cracking and at
collapse, respectively, and (e)-(g) DIC exx measurements before cracking, after cracking
and at collapse, respectively[120].
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2.8 Conclusion

This chapter has focused on the use of natural fibers and aggregates, particularly as reinforcement
in earth material, as building materials. Through this bibliographic research, it was noted that many
research works have confirmed that the use of mineral binders (cement, lime) as stabilizers
improves the mechanical resistance and water insensitivity of CEB. To the best of our knowledge,
there 1s no study related to the effect of the partial replacement of soil and crushed sand with date
palm waste aggregate and fiber on the thermo-physical, microstructure and mechanical behavior
of oven cured compressed earth blocks stabilized by lime. Although many important studies have
been published, several gaps in information remain, especially regarding the thermo-physical and
microstructure properties of oven-cured compressed earth bricks stabilized by lime. To fill this
knowledge gap, this research will study the effect of the partial replacement of soil and crushed
sand with date palm waste on the thermo-physical, microstructure properties and mechanical

behavior of oven-cured compressed earth blocks stabilized by lime.
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Chapter 3: Raw materials and experimental methods

3.1 Introduction

The research plan and methodology for this thesis are described in this chapter. The
characterization of the fundamental ingredients for the manufacturing of compressed earth blocks
will be presented in the first portion of this chapter. These are the physicochemical, mechanical
and mineralogical characteristics of soil, crushed sand, and aggregate and fibers of date palm waste.
Following that, manufacturing procedures, mixing sequences, placement, and conservation of
different test pieces. In the second part, we described the materials and methods used in the

investigation.

3.2 Materials

In our study, local materials were used for making date palm waste-based CEB as follows: soil and
crushed sand as a main matrix, quicklime as a chemical stabilizer, three kinds of date palm waste
(DPWA, DPM and DPS) and water.

3.2.1 Soil

In this study, the soil of Biskra region, located in southeastern Algeria was used, and it was selected
on the basis of its availability and its abundance in the region. Analyzes of the chemical and
mineralogical compositions were carried out in the laboratory of the Center for Studies and
Technological Services of the Construction Materials Industry CETIM in Boumerdes (Algeria).
The chemical composition on this raw soil shown in Table 3.1 was carried out by X-ray
fluorescence. The mineralogical composition on this raw soil presented in Table 3.2 was performed
by X-ray diffraction. The mineralogical composition shows that the soil has a high content of
calcite, dolomite and quartz, and a low concentration of illite and gypsum. The particle size
distribution of the soil presented in Fig. 3.2 was determined by wet sieving and sedimentation,
according to NF P 18-560 and NF P 94-057 successively. Absolute density is 2400 kg m™ and bulk
density is 1240 kg m™. The Atterberg limits were: liquid limit (LL = 29%), plastic limit (PL=21%)
and plasticity index (PI = 8%).
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L} r\‘,:[

SEM HV: 15.0 kV WD: 11.00 mm | (| | | VEGA3 TESCAN SEM HV: 15.0 kV WD: 10.75 mm | i LLL | VEGA3 TESCAN
View feld: 27.7 pm SEM MAG: 10.0kx Spm View field: 14.9 pm SEM MAG: 1B 6kx 2 pm
Det: SE Date(m/d/y): 12/17/20 LPCMA-Biskra Det: SE Date{m/d/y): 12/17/20 LPCMA-Biskra

Fig.3. 1. SEM of the soil used in this study.
Table.3. 1. The chemical analysis of used soil.

Content (%)

SIOE A1203 FEEOE CaO MgO 503 Kgo Nﬂgo P105 TiOz LOI

3529 525 238 2746 209 038 088 021 0.12 033 25.62

Table.3. 2. Mineralogical composition of soil.

Minerals

Gypsu  Quartz  Calcite  Dolomite Illite

Mineralogical composition (%) 1 24 38 29 8

100 —
90
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50 /
40

30 —ad
20
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0.001 0.01 0.1 | 10
GRAIN SIZE(mm)

Fig.3. 2. Grain size curve of soil.

68



CHAPTER 3: RAW MATERIALS AND EXPERIMENTAL METHODS

3.2.2 Crushed sand

The crushed sand used in this investigation came from Biskra region (Algeria), passing through a
5 mm sieve. Absolute density is 2600 kg m™, bulk density is 1570 kgm™ and fineness modulus is
2.31. The particle size distribution of this sand 1s determined by sieving, according to NF P 18-

560.The test results are presented in Fig. 3.3. Chemical composition of crushed sand is shown in

Table 3.3.

100 /
90 //
&0

70

60 /
50 /.‘

40
30 A =d

ID/
0

0.01 0.1 1 10

Passing (%)

grain size (mm)

Fig.3. 3. Grain size curve of crushed sand.

Table.3. 3. Chemical composition of crushed sand (% ).

Si0; ALO; FexO3 CaO KO SOs3 NaO MgO Loss on ignition

0.87 030 015 5470 007 0.08 0.04 0.66 43.20

3.2.3 Lime

Commercially abundance quicklime produced by the lime unit of Saida (Algeria) was used in this
study. The chemical and physical properties of quicklime according to its technical sheet are

presented in Tables 3.4 and 3.5.
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Table.3. 4. Chemical properties of quicklime according to the technical sheet of this quicklime.
Content (%)

Si02 AlO3 Fe;03 CaO MgO SOs; CaCOs; NaxO CO:

25 =15 =2 <833 =3 <05 <10 04-0.5 <5

Table.3. 5. Physical properties of quicklime according to the technical sheet of this quicklime.

Physical properties

Physical appearance Dry white powder
Specific gravity 2
Over 90 um (%) <10
Over 630 pulm (%) 0
Insoluble material (%) <1
Bulk density (g/1) 600-900
3.2.4 Date palm fibers

In this investigation, three types of date palm waste were used: date palm waste aggregate (DPWA),
Date palm mesh (DPM) and date palm spikelet (DPS) (Fig. 3.4).
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a) IJ'} ¢)

Fig.3. 4. Date palm waste used in this study: a) DPS, b) DPWA and c) DPM.
e Date Palm Waste Aggregate (DPWA)

Date palm waste 1s the product of maintenance operations on palm groves. In the DPWA type, two
kinds of date palm waste (leaves and petiole) were mixed together. This waste was brought back
from the Technical Institute for the Development of Agriculture in the Desert, Ain bin Nawi Biskra,
Algeria. The mechanical characteristics (Table 3.6) of two kinds of date palm fibers (leaves and
petiole) were taken from the experimental study performed by Djoudi et al [22]. The physical
properties of DPWA are presented in Table 3.7. Bulk density of DPWA samples was performed
by a balance with an accuracy of +0.1%, by the gravimetric method based on the Archimedean
principle [92]. The water absorption of DPWA was performed according to the study of
Benmansour et al [23]. Fig.3.5 presents SEM images of the palm components, such as the spine,

petiole and Leaflet.

Table.3. 6. Mechanical properties of date palm waste fibers (leaves and petiole) used as plant
aggregates [22].

Fibers type Tensile strength Gmax €max (MM/mMm) Modulus of elasticity
(MPa) E (GPa)
leaves 91.07+17.9 0.008 = 0.003 13.91 +£0.76
Petiole 114.53 + 7.49 0.017 £ 0.005 10.81 +0.28
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Table.3. 7. Physical properties of DPWA (plant aggregate).

Property S1ze(mm) Bulk t:hensity(l‘:g.rrl'3 ) Water absorption (%)
Values 1-4 113.85 284

1

i
<

BEM HY: 150 kv WD 12 .43 mem BEM HV: 150 kv WD 1243 mm | VEGAL TESCAN
Wiew fieid: TH m SEM MAG: 1 05 ka Wiew Febd: 318 pm SEM MAG: 100 kx 50 pam
Det: SE Date{midly ) 01730720 Det: SE Dt iy ). 81730070 LPCMA -Digkra

SEM HV. 150 kY Whr 802 mm VEGA) TESCAN

View field: 140 pm | SEM MAG: 1,00 kx 20 pm
Dt SE Date{midiy) 01/30770 LPCMA-Biskra

Fig.3. 5. SEM images of the components of the palm: a) Spine, b) Leaflet, and c) Petiole[25].
e Date Palm Mesh (DPM)

In this study, the DPM type was used in the form of a mesh that contains fibers in two perpendicular
directions as tissue, and was pulled out from male date palm trunk in the form of nearly rectangular
mesh (200-300 mm width and 300-500 mm length). Date palm trunk surface fibers are a natural
woven (such as welded plant fibers mesh). In this work, DPM was cut with a variable length
ranging between 10 cm and 18 cm and width ranging between 5 cm and 8 cm. The mechanical and
physical properties (Table 3.8) were taken from the experimental study performed by Kriker et al.
[21]. Fig. 3.6 presents the scanning electron micrographs of DPM; Fig. 3.6(a) and (b) show the

typical transverse and longitudinal sections of DPM. The DPM section is dense with a small canal

and many little pores for circulation of saliva. This confirms the porous structure and the observed

absorption capacities of the DPM[21].
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Table.3. 8. Physical and mechanical properties of DPM fibers [21].

Property Values
Physical properties
Bulk density (kg/m?) 512.2-1088.8
Absolute density (kg/m’) 1300.0-1450.0
Natural moisture content (%) 9.5-10.5
Water absorption after 5 min under water (%) 60.1-84.1
Water absorption to saturation (%) 96.8-202.6
Mechanical properties Fiber length
Tensile strength (MPa) 100(mm) 170 + 40
60(mm) 240 + 30
20(mm) 290 + 20
Elongation (%) 100(mm) 163
60(mm) 12+2
20(mm) L1232
Modulus of elasticity (GPa) 100(mm) 474 +2
60(mm) 5.00 +2
20(mm) 3.25 %3

©

Fig.3. 6. (a) Scanning electron micrograph of typical transversal section of DPM fiber; (b) scanning
electron micrograph of typical longitudinal section of DPM fiber; (c) scanning electron
micrograph of longitudinal view of DPM fiber[21].
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e Date Palm Spikelet (DPS)

The current study used DPS as the same as that used in the study of Abdelaziz et al. [17]. The
spikelet was obtained from date palm waste originated from Biskra, Algeria. DPS was cut to a fixed
length of 18 cm. Abdelaziz et al. [17] studied DPS and found from the tensile test of DPS that the
young's modulus had an average value of 16 GPa and ranged between 8.5 GPa and 23.5 GPa. From
the 3D scanner measurement, the surface topography of DPS showed that the volume of DPS 1s
558 mm’ for a length of 65 mm. From the image analysis, thick samples of DPS have a diameter
of 4.79 + 2.63 mm and smaller samples have an average diameter of 2.29 + 0.53 mm. The overall

DPS diameter is 3.3 mm. Under the outer epidermis of DPS, there were a large number of

fibrovascular bundles (see Fig.3.7).

Fig.3. 7. Microstructural arrangement of the spikelet cortex revealed using SEM and showing (a)
perianth morphology, (b) axial orientation of the fibers underneath, (c) transverse

microscopic arrangement of the spikelet homogeneous central cylinders with fibrovascular
cells[17].
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The physical properties of DPS were taken from the experimental study performed by Almi et
al.[92] as follows: Bulk density is 425+23.6 (kg/m°), absolute density is 749+25.6 (kg/m’) and

water absorption is 73.78+3 (%).

3.2.5 Water

Mixing water is potable water with a temperature of 20 = 2 °C and contains little sulfate. The

quality of this potable water conforms to the requirements of NFP 18—404 standard.
3.3 Specimen preparation and curing condition

In the testing program, two types of blocks were manufactured: blocks of lime content optimization

and blocks filled with date palm waste.
= Manufacturing of specimen of lime optimization

The crushed sand and soil were dried in an oven for 24 hours at 65+ 2 °C. After the mixture dried
(crushed sand with soil), this mixture was firstly mixed for 2 minutes in the concrete mixer, then
the stabilizer (quicklime) was added. It was being mixed for 1 minute allowing the mixture to have
a homogeneous color, then water was added to the mixture that was continuously being mixed for
2 minutes. The mixture obtained was placed in a steel mold of volume (100 mm x 100 mm x 200
mm), and compacted immediately with a static loading by applying compacting stress of 2 MPa.
The static compaction was applied on the mixture according to the C.D.E method [121]. During all
steps of this study, one curing condition was used which is the oven curing for 7 days at 65 + 2 °C.
Taallah and Guettala [19] mentioned that oven curing (7 days) led to better compressive (dry and

wet) and tensile strength compared to laboratory curing (28 days) and natural steam curing (7 days).

The weight of the overall dry mixture for each block was kept constant during all the steps of this
study, 1t was taken equal to 2000 g. In order to find the optimum moisture content for each block
with different percentages of quicklime, the static compaction method proposed by C.D.E method
[121] was carried out. A series of blocks were made using a mixture of 70% soil and 30% crushed
sand, stabilized with four lime contents (7%, 9%, 11%, 12% and 13% ) in order to find the optimum
lime content in CEB (Table 3.9). For each test, three blocks of CEB were made to give average

results.
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Table.3. 9. Formulation of CEB samples for optimal lime value test.

Fig.3. 8. Static compaction for manufacturing of CEBs.

Material

Mould

e

F
771

>
I’

Fig.3. 9. Mould used for bricks making.
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Soil (%) 70 70 70 70 70 In relation to the

Crushed sand (%) 30 30 30 30 30 dry mixture (soil-
sand)

Quicklime (%) d 9 11 12 13 In relation to the

Water (%) 10 11 13 14 15 global dry mixture

* Manufacturing of composite specimen (filled by date palm waste)
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<+ DPWA

For the elaboration of the composite materials, the dry mixture (sand crushed with soil) was firstly
mixed for 2 minutes in the concrete mixer, then 12% of the stabilizer (quicklime) was added and it
was being mixed for 1 minute until a uniform color was gotten. Next, the optimum water content
of the mixture 14% of the water was added to the mixture which was being mixed for 2 minutes.
After that, date palm waste aggregate (DPWA) was added in proportions (0.1%, 0.2%, 0.3%, 0.4%
and 0.5%) to the mixture in relation to the global dry mixture, then it was mixed manually. The
mixture was placed in the mold and compacted immediately with a static loading by applying

compacting stress of 10 MPa. Finally, the specimens were cured in an oven for 7 days at 65 + 2

g i

Fig.3. 10. Cured specimens in the oven.

* DPM and DPS

In the DPM and DPS types of waste, the same steps mentioned in the first type (DPWA) for making
samples were done while maintaining the same proportions to do the comparison. However, the
mixture of CEB was placed in the mold in two layers, and the DPM and DPS waste were introduced
between the two layers. Each DPS equal to 0.1% of the total dry weight of CEB, 1.e., equals 2 g.
One DPS was placed in the mixture at 0.1% and with every 0.1% increase, one DPS was also

increased.
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Fig.3. 11. Compressed Earth Bricks (CEBs) manufactured 1n this study.
Table.3. 10. Formulation of CEB samples incorporated by Date Palm Waste (DPW).

Soil (%) 70 70 70 70 70 In relation to the dry mixture
(soil-sand)

Crushed sand 30 30 30 30 30 In relation to the dry mixture

(%)

DPW (%) 0.1 0.2 0.3 04 0.5 In relation to the global dry
mixture

Quicklime 12 12 12 12 12 In relation to the global dry

(%) mixture

Water (%) 14 14 14 14 14 In relation to the global dry
mixture

3.4 Tests conducted

3.4.1 Dry and wet compressive strength test

In order to evaluate the simple compressive strength of the CEB blocks in the wet and dry state,
the compressive strength test was carried out according to standard XP P 13-901. In this test, two
half-blocks superposed and adhered by a joint of cement mortar were subjected to a simple
compression until rupture. In the wet compressive strength test, the sample of the test was
humidified by complete immersion for 2 hours, and then the sample was subjected to a simple

compression until rupture.
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Fig.3. 12. Experimental setup of compressive strength test.

3.4.2 Three-point bending test

A universal testing machine MTS 50 KN (MTS criterion model 45) controlled by a computer was

used to study the mechanical behavior in three-point bending as can be seen in Figure. A high
precision load cell with a capacity of 50 kN 1s used for recording the load. The specimens were
loaded 1n bending to failure at a deflection rate of Imm/min to ensure steady deflection and
recorded easily. This procedure made it possible to draw Load—deflection diagrams, which allowed
following the mechanical behavior of the material under bending at different DPWA contents
(flexural strength and modulus of elasticity calculated from the linear part of the Load—deflection
data). The three-point bending test was carried out on samples with dimensions (10cm X 20cm X

5.5+0.5cm), and the loading was applied at a rate of I mm/min. The flexural stresses (0r) and the

elastic modulus (E) were calculated using the equations below|[25]:
3FL

o == (3.1)
_ FL®
E= 4818 (3.2)

Where F 1s the maximum load at failure (N), § 1s the deflection caused by the load F, I 1s the
moment of inertia of the section at mid-span, h is the height (mm) of the sample, b is the width

(mm) of the sample, and L is the distance between the supports (mm).
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Fig.3. 13. Experimental setup of three-point bending.
3.4.3 Thermal proprieties

The thermal conductivity (A) and the volumetric heat capacity (C) were measured using the Hot
Disk device at the Laboratory of Civil Engineering Research, University of Laghouat, Algeria (Fig.
3.14). The hot disk technique has proven to be a very efficient and accurate method for measuring

the thermal conductivity, specific heat, and thermal diffusivity of heterogeneous and homogeneous

materials [122]. This test was carried out on samples with dimensions of 4 cm x 4 cm x 2 cm. The
thermal diffusivity (a), thermal effusivity (e) ,and specific heat (Cp) were determined by the

following expressions [ 123]:

o= (3.3)
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e=vVAC (3.4)
Cp :E (3.5)

where A is the thermal conductivity(W.m™".K™); e is the thermal effusivity (J.s*m™. K™); C is

the volumetric heat capacity (J.m>.K!); p is the bulk density (Kg/m?); Cp is the specific heat (J.kg"

! K'"); and a is the thermal diffusivity (m*.s™).

Fig.3. 14. Experimental setup of thermal properties.

3.4.4 Scanning electron microscopy and Energy-dispersive X-ray spectroscopy (SEM-EDX)

The SEM-EDX technique was used to perform a microscopic examination of the samples, with and
without DPWAs, at the Laboratory of Physics of Thin Films and Applications (LPCMA) of the
University of Biskra (Algeria) for the purpose of confirming the recorded macroscopic properties
and examining the cohesion between the date palm waste aggregates (DPWASs) and the matrix of

the samples.

3.4.5 Ultrasonic pulse velocity test (UPV)

The incorporation of the date palm waste into the compressed earth block affects the compactness
and voids. In order to assess the effect of date palm waste on the compactness and also acoustic
comfort of the samples, the ultrasonic pulse velocity test (non-destructive test) was performed
according to standard NF EN 12 504-4. The two poles were held on either side of the block (100

mm X 200 mm x 50 mm) and the pulse velocity and transmission time were read.
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Fig.3. 15. Ultrasonic pulse velocity test (non-destructive test) of CEBs blocks.

3.4.6 Capillary Absorption

This test was performed according to standard XP P 13-901. The sample was partially immersed
to a depth of 5 mm for 10 min. The water absorption coefficient was calculated from the following

formula:

_ (M; = M,)
Cb = 100 x == (3.6)

where Cb is the capillary water absorption coefficient (g/cm min'?), M; and My is the weight of
the sample after and before immersion in water respectively (g), t is the immersion duration (min),

and S is the surface of the face submerged of the sample (cm?)
3.4.7 Total water absorption

To ensure that the CEB samples have good resistance and durability against water, this test was

performed. The samples were immersed in a water bath for: 1, 2, 3 and 4 days. The weights of the

wet samples were calculated after taking them out of the water. The relative difference between

dry and wet weight of block was calculated to obtain the water absorption percentage of the sample

shown 1n the following formula:

wh e ws}

A (%) =100 x (3.7)

5

where Wh 1s the wet weight of the block, while Ws is the dry weight of the block.
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3.4.8 Swelling test

The swelling test was performed according to standard XP P 13-901. The samples were placed in
water during 1, 2 and 3 days. The distance between two pre-installed studs was measured after
drying the samples for about 10 minutes. The swelling percentage of the sample was calculated

using the following formula:

Swelling (mm/m) = &= (3.8)

lo

where lp and 1; are the distances before and after immersion respectively.

Fig.3. 16. Total water absorption and swilling test.
3.4.9 Bulk density (p)

The density of each sample was calculated according to the following formula:
Bulk density = (3.9)

Where M is the dry mass of the sample in (kg) and V is the volume of the sample in (m°).

Fig.3. 17. Measuring the weight of block for density.
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3.4.10 Dynamic modulus

The dynamic modulus of elasticity is obtained from the following expression|124], [125]:

VZ
£, = ?‘D x 102 (3.10)

Where Egq is the dynamic modulus of elasticity (GPa), V 1s the UPV (km/s), g 1s the acceleration
due to gravity (9.81 m/s?), and p is the density of the material (kg/m?).

3.4.11 Digital Image Correlation (DIC) technique in measuring strain using open source

Ncorr

3.4.11.1 DIC samples preparation:

One of the samples surfaces was scrubbed and was cleaned thoroughly to remove the dirt. Before
the testing, the DIC samples were prepared and covered using a white paint and sprayed with a

black aerosol to create a random speckle pattern, which was used for the DIC analysis.

Fig.3. 18. Sample ready for DIC test.
3.4.11.2 Fundamentals of 2D DIC

Measurement of strains under bending loads i1s considered complicated compared to tensile or
compressive loads. This 1s because flexural loads result in two types of strains, tensile strains and
compression strains. For this reason, this study was based on the modern method using the digital
image correlation method (DIC) to measure the strains resulting from the bending loads. The three
point bending tests implemented to measure strains of CEBs were also performed using open
source 2D digital image correlation (DIC) software[109] analyses based on high resolution images
taken by a CANON 1300D digital camera (18 Megapixels resolution). During the tests images

were taken every 1 second over specimens that had been painted with a white background and a
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random black paint pattern (speckle pattern). Then, images were analyzed using MATLAB and the

Ncorr 2D-DIC toolbox to estimate displacements and strains fields.

Surface deformation measurement of materials and structures subjected to diverse loadings (e.g.
mechanical or thermal) is a crucial problem in experimental solid mechanics. In addition to the
widely used pointwise strain gauge technique, various full-field non-contact optical technologies,
such as digital image correlation (DIC), have been developed and utilized for this purpose[126]. In
the field of experimental mechanics, digital image correlation (DIC) 1s an effective and practical
technology for full-field deformation measurement, which has been commonly accepted and
widely used[110], [127]. Displacements are directly detected from digital images of an object's
surface (specimen) in two-dimensional DIC. Fig. 3.19 shows a typical example of an experimental
setup for two-dimensional DIC. A camera with an image lens is used to observe an object's planar
surface. Then, the images on the surface of the object, one before and another after deformation,

are recorded, digitized and stored as digital images in a computer.

Loading system

T

Planar

Spt:r;i;:n — @
AZ__

il L

I White Light Source Computer

\ 4

Fig.3. 19. Setup for strain measurement by the 2D DIC method|126].

The displacement of the subset on the image before deformation i1s found in the image after
deformation by searching the area of same light intensity distribution with the subset. Once the
location of this subset in the deformed image 1s found, the displacement of this subset can be
determined. In order to complete this process, the object's surface must have a feature that allows
the subset to be matched. If no feature 1s observed on the surface of the object, an artificial random
pattern must be applied. Fig.3.18 shows a typical example of the random pattern on the surface of
an object created by spraying paint[ 128]. In subset-based DIC algorithms, the reference image is

partitioned into smaller regions referred to as subsets or subwindows. The deformation 1s assumed
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to be homogeneous inside each subset, and the deformed subsets are then tracked in the current
image. In Ncorr, subsets are initially a contiguous circular group of points that are on integer pixel
locations in the reference configuration. The transformation of the coordinates of these points from

the reference to the current configuration is constrained to a linear, first order transformation[109].

Positien of the subset
Yo% Wedﬁonnanml
» - |
il . B % N
Image before Image after
deformation deformation

Fig.3. 20. Matching the subset before and after deformation|[129].
0 '

Pixg v vl . - Displacement vector
v| : :

Ay | Deformed subset

y

Reference image Deformed image ‘ Undeformed subset
X

Fig.3. 21. Schematic illustration of a reference square subset before deformation and a target (or
deformed) subset after deformation|126]. [ 128].

Several functions exist to match the subset from one image to another based on the above

fundamental principle. One is the magnitude of intensity value difference as:

R (x, y, x*, y¥) =} |F (x,y) - G (x*, y¥) | (3.11)
and another 1s the normalized cross-correlation as:

YF (x,y) G (x*,y*)
VI F (xy)23G (x+y+) 2 (3.12)

C(K,}’,K*,}’*)=
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where F(x, y) and G(x*, y*) represent the gray levels within the subset of the undeformed and
deformed images, and (X, y) and (x*,y*) are the coordinates of a point on the subset before and
after deformation, respectively. The symbol of the summation represents the sum of the values
within the subset. The coordinate (x*,y*) after deformation relates to the coordinate (x, y) before
deformation. Therefore, displacement components are obtained by searching the best set of the
coordinates after deformation (x*,y*) which minimize R(x, y, x*,y*) or maximize C(x, y, x*,y¥).
There are many functions except for equations (3.11) or (3.12) can be used, however, the
normalized cross-correlation (Eq. (3.11)) 1s widely used for matching the subset in digital image

correlation| 128].

Fig.3. 22. Subset location of the tested specimen.

Strains are more difficult to resolve than the displacement fields because strains involve
differentiation, which 1s sensitive to noise. This means any noise in the displacement field will
magnify errors in the strain fields. The values of the strain computation available for in plane space
are & (transverse direction), &y, (force direction), and &.. Ncorr uses the Green- Lagrangian

strains[ 109], which are obtained by using the three displacement gradients as follows:

EH%(ZE—2+G—:)2 + (3—:)2) (3.13)

Eyy %( 2 j—;’ % (3—;‘)2 ¥ (g—;)z) (3.14)
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1/ dv du dudu dv dv
gt )

e 3,13
by 2\0dx dy o0dxdy ox dy ( )

Where (u, v) are the displacements of a point on (x, y) respectively.

When both strains and rigid body rotations are small, the quadratic terms in the Green-Lagrange

strain tensor can be ignored. This leads to the well-known engineering strain tensor.

In general, the implementation of the 2D DIC method comprises the following three consecutive
steps, namely (1) specimen and experimental preparations; (2) recording images of the planar
specimen surface before and after loading; (3) processing the acquired images using a computer
program to obtain the desired displacement and strain information[126]. The use of DIC using the
Ncorr 2D-DIC toolbox to estimate the strain fields for each sample is summarized in the following

points:

1. Running Ncorr program from MATLAB.

2. The reference image 1s loaded at zero load. The reference image means the initial/first

image taken of the sample before any deformation occurs (Set Reference Image).

3. The current image(s) are loaded based on the entire force loading used for the experiment
(Set Current Image(s)). (Example: Image 1 for SON, image 2 for 100N until the force i1s
measured).

4. Region of Interest i1s drawn based on the area of gauge and strain field to be determined

(Set Region of Interest (ROI)).

Fig.3. 23. Region of Interest (ROI) of the tested specimen.

5. Set DIC Parameters. The necessary parameters are entered at this stage before processing
and calculations begin.

6. DIC Analysis. Processing and calculations begin at this step.
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7. Format Displacements. The vertical and horizontal displacement forms are displayed after

the processing is completed.

8. Calculate Strains. The strains can be calculated after the displacement 1s obtained.

3.5 Conclusion

This chapter focused on presenting the basic raw materials used in this study and their chemical,
physical and mechanical properties. The proportions for the formulation compressed earth blocks,
and the results of the characterization of raw materials were presented, as well as the methods and
standards used to characterize the blocks manufactured from date palm waste, soil and crushed

sand, which were stabilized with quicklime and cured in the oven.
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Chapter 4: Results and discussion

4.1 Introduction

The previous works' synthesis has highlighted the need for further research into the effects of
introducing fibers and aggregates extracted from plant wastes such as palm wastes, which are
considered waste with no economic value, on the thermos-physical, microstructural, and
mechanical behavior of compressed earth bricks. After defining the methods used in preparing and
characterizing the properties of the composite materials produced in this work and identifying the
physical, chemical, and mechanical properties of the basic raw materials. The results obtained
through experimental laboratory work will be presented and analyzed 1n this chapter to understand
the effect of incorporating date palm waste on the macroscopic properties and microstructural
analyses. Microscopic analysis is carried out in order to confirm the apparent results of the effect

of adding plant fibers and bio-aggregates.

4.2 Lime content optimization in CEB

In order to find the optimum value of lime in the blocks, the compressive strength as a function of
lime content was carried out, as shown in the Fig.4.1. Compression strength is the most important
mechanical property of brittle materials. The results shown in the Fig.4.1 showed a variation on
compressive strength between 1.81 MPa and 6.62MPa. It is clear that the increase in the lime
content from 7%to 12% leads to an increase in compressive strength value of about 72.60%, but
after from 12% to 13% there is a reduction in resistance of 39.52%. This type of results was also
noted by Millogo et al[ 13].The optimum compressive strength value is found in 12% of the lime
content. The development of calcium silicate hydrates (CSH) and formation of minor amounts of
portlandite (Ca(OH)z2)and calcite (CaCOs)leads to improvement of the mechanical properties and
the compactness of CEB. CSH is originated from the chemical reaction between SiO; (fine grains
of quartz) and CaO (quicklime).However, higher quicklime additions (>12 %) have negative

effects on the mechanical properties of CEB[13].
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Fig 4. 1. Dry compressive strength as a function of lime content of the CEB (with 2 MPa of
compaction pressure).

4.3 Effect of DPWA content on the mechanical behavior and microstructure of CEB

Fig. 4.2 presents the dry and wet compressive strengths of CEB incorporating date palm waste
aggregates (DPWAs). It turned out that the compressive strength of the CEB sample without
DPWAs was greater than that of all the other samples. In addition, the dry compressive strength
values ranged from 9.81 to 15.84 MPa. It was found that when the DPW A content increased from
0% to 0.5%, the compressive strength of the blocks went down. This result was also reported by
Chikhi et al. [24] who explored the effect of date palm fiber content on the gypsum-stabilized
composite material. These same researchers indicated that when the fiber load of the composite
increased the area of the interface between the fiber and matrix became larger, which engendered
a smaller compressive strength value. The compressive strength drop was attributed to the addition
of plant aggregates which have low compressive strength and stiffness [101]. It was shown that, in
contrast with the block without DPW As, increasing the DPWA content from 0.1% to 0.5% caused

the compressive strength of the block to decrease from 15.03% to 38.09%.
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On the other hand, the wet compressive strength test was carried out to investigate the effect of
moisture coming from rain, flooding or groundwater upwelling. Fig. 4.2 clearly illustrates the
relationships between the wet compressive strength and DPWA content. It was observed that the
wet compressive strength value ranged from 5.65 to 10.03 MPa. Based on this finding, one may
notice that the wet compressive strength decreases when the DPWA content increases. Unlike the
block without DPWA, increasing the DPWA content from 0.1% to 0.5% caused the wet
compressive strength to drop from 19.68% to 43.71%. This result may be attributed to the increase
in void volume as a result of the incorporation of plant aggregates into the compressed earth block
composite. When the blocks were entirely immersed, the voids were filled with water, and
consequently the wet compressive strength gradually decreased as the DPWA content augmented.
Note also that the void ratio and water absorption increased progressively when the DPWA level
increased.

Furthermore, Fig. 4.2 illustrates the effect of DPWAs on the dry-to-wet compressive strength
(DCS/WCS) ratio. Note that the CEB (DCS/WCS) ratio increases when the DPW A content grows.
This same figure suggests that the highest value of the (DCS/WCS) ratio 1s equal to 1.88, and the
recommended value for that ratio must not be greater than 2. These findings have also been
encountered in numerous studies reported in the literature [18], [19]. The higher (DCS/WCS) ratio
can certainly be attributed to the higher water absorption when the DPWA content increases.
Moreover, a larger water absorption ratio in CEB engendered a remarkable decrease in the wet
compressive strength, which caused the (DCS/WCS) ratio to augment. In addition, moisture inside

the block pores induced water absorption and therefore the dispersion of the unstabilized soil grains

[130].
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The load—deflection curves of all the samples under study are depicted in Fig. 4.3. It was observed
that all the blocks exhibited a linear elastic behavior until reaching the maximum load which was
followed by brittle failure without any residual strength. It should be noted that the ultimate
deflection was high for the blocks containing DPWA, especially those with 0.5% DPWA.

The test results of the elastic modulus are all summarized in Fig. 4.4 and Table 4.1. It was noted
that the elastic modulus of CEB follows the same trend as the flexural and compressive strength,
as can be seen in Fig. 4.2 and Fig. 4.4. This elastic modulus was equal to 809.37 MPa and 321.52
MPa for the control sample (0% DPWA) and the composite sample incorporating 0.5% DPWA,
respectively. It 1s worth noting that the elastic modulus dropped when the percentage of
replacement of natural soil and sand by date palm waste increased. Furthermore, the percentage
decrease 1n the elastic modulus was about 11.33%, 37.71%, 41.46%, 58.04% and 60.27% for CEB
containing 0.1% DPWA, 0.2% DPWA, 0.3% DPWA, 0.4% DPWA and 0.5% DPWA, respectively,
in comparison with the reference CEB (0% DPWA). The literature review [ 101] indicated that the
incorporation of plant particles into composite materials engendered lower values of the elastic
modulus. In this context, Laborel-Préneron et al. [101] found out that the elastic modulus decreased
with the incorporation of plant aggregates. It was also revealed that the lowest modulus of elasticity
corresponded to the highest percentage of plant aggregates (DPWAs). It 1s widely acknowledged
that the bending strength is one of the most important mechanical properties of materials. Table
4.1 and Fig. 4.4 show the effect of DPWAs on the flexural strength of CEB. It was shown that the
CEB flexural strength values decreased as the DPWA content went up. Moreover, the flexural
strength value ranged from 4.37 to 5.48 MPa. In comparison with CEB without DPWA, when the
DPW A content increased from 0.1% to 0.5%, the flexural strength dropped from 4.01% to 20.25%.

These findings are consistent with those previously published in the literature [101].
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On the other hand, Taallah et al. [18] found out that the decrease in dry and wet compressive
strength and flexural strength could be attributed to the weak adhesion between plant aggregates
and matrix due to the decompression of CEB following unloading during its manufacture, because
the plant aggregates have an elastic behavior. As illustrated in Fig. 4.5, the weak bond between
date palm aggregates and the matrix engendered a higher porosity. This same figure shows the
SEM images of three CEB samples with and without waste fibers. In addition, useful information
about the adhesion status at the interface between DPW A aggregates and the matrix of the material
1s provided on that figure where voids between the date palm waste aggregates and the matrix can
be observed. These voids were engendered by the shrinkage of DPWAs after drying inside the
block and to the weak bond between the plant aggregates and the matrix. It should be noted that
the presence of these voids were responsible for the compressive and flexural strength drop, and
for the decrease in the elastic modulus as well.

Furthermore, the energy dispersive X-ray (EDX) spectroscopy allowed determining the
percentages of hydrate products within the material, as seen in Fig.4.6. The results obtained
indicated that incorporating DPWA aggregates induced a decrease in calcium silicate hydrates C-
S-H (measured as Si). Note that the drop 1n Si1 content engendered a lower C-S-H level. Likewise,
the amount of Ca in the blocks containing DPWA also decreased, as depicted in Fig. 4.6, and it 1s
responsible for long-term carbonation (CaCQOs3) process.

The decrease in the elastic modulus, flexural and compressive strength may be attributed to the
considerable decrease in the amounts of C-S-H within blocks, which in turn are responsible for the
strength of the blocks. It should be noted that the amounts of C-S-H dropped as a result of the
decrease in grains mass of S102 and Ca within the mixture, because part of soil and crushed sand

were replaced by date palm waste aggregates (DPWA)[26].
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The SEM - EDX observations and analyses allowed confirming the above mentioned results related

to the mechanical properties of compressed earth blocks.
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Fig 4. 2. Effect of DPWA content on dry (DCS) and wet (WCS) compressive strengths of CEB.
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Fig 4. 3. Effect of DPWA content on the mechanical behavior of CEB: Typical load-deflection

curves.
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Fig 4. 4. Effect of DPWA content on the mechanical properties: elastic modulus and flexural
strength of CEB.

Table 4. 1. Mechanical properties of the compressed earth blocks
DPWA content (%) Flexural strength Modulus of

(MPa) elasticity (MPa)
0 5.48+0.14 809.37+44.23
0.1 5.26+0.20 717.59+34.88
0.2 5.16+0.11 504.13+23.05
0.3 4.48+0.26 473.79+31.28
0.4 4.43+0.34 339.57+56.51
0.5 4.37+0.09 32152+ 11.13
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Fig 4. 5. SEM images of samples: (a) Without DPWA, (b, ¢) With DPWA.
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Fig 4. 6. Energy-dispersive X-ray (EDX) spectroscopy of CEB: (a) Without DPWA, (b) With
DPWA.

4.4 Effect of DPWA content on the ultrasonic pulse velocity

Fig. 4.7 depicts the results of the ultrasonic pulse velocity (UPV) test performed on CEB. One may
easily see that the ultrasonic pulse velocity test values were affected by the integration of DPW As.
Indeed, it was found that the ultrasonic pulse velocity decreased as the DPWA content rose up; the
UPV values passed from 2556.67 m/s (0% DPWA) to 2110 m/s (0.5% DPWA). Actually, the block
including 0.5% DPWA showed the lowest ultrasonic pulse velocity value among all blocks; this

value decreased by about 17.47% 1in comparison with the block without DPWA. This decrease may
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certainly be assigned to the slower ultrasonic pulses when they pass through the air-filled pores
resulting from the incorporation of date palm waste aggregates. It should be pointed out that the
sound insulation coefficient of plant aggregates is higher than that of earth concrete or cement
concrete.

Fig. 4.7 illustrates the evolution of the ultrasonic pulse velocity as a function of DPWA content.

This variation may be expressed in the form of the equation below:

UPV =2511.6 — 841.9 (DPWA) 4.1)
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Fig 4. 7. Effect of DPWA content on the ultrasonic pulse velocity of CEB.

Further, the correlation between the dry compressive strength and ultrasonic pulse velocity of CEB
1s clearly depicted in Fig. 4.8. Note that the CEB dry compressive strength dropped when the
ultrasonic pulse velocity (UPV) decreased; this can undoubtedly be attributed to the increase in
CEB porosity following the incorporation of DPWA into the CEB mixture. In fact, it was found

that when the CEB ultrasonic pulse velocity dropped from 2556.67 m/s to 2110 m/s, the dry

compressive strength also decreased from 15.84 to 9.81MPa. As a matter of fact, when this UPV
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diminished by 17.47%, the dry compressive strength dropped by 38.09%. Fig. 13 indicates, in fact,
that there 1s a good correlation between the ultrasonic pulse velocity (UPV) of a compressed earth

block and its dry compressive strength (DCS).

Fig. 4.8 clearly indicates that there 1s a linear relationship between the dry compressive strength

(DCS) and the ultrasonic pulse velocity (UPV); it may be expressed as follows:

DCS = 0.0128 (UPV ) — 16.676 (4.2)
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Fig 4. 8. Relationship between the dry compressive strength and ultrasonic pulse velocity of CEB.
4.5 Effect of DPWA content on the physical and thermal properties of CEB

4.5.1 Bulk density

Fig. 4.9 depicts the variation of the bulk density as a function of the DPWA content. It 1s clearly
indicated that the bulk density decreased as the DPW A content increased. In this context, numerous
authors reported that the bulk density decreased when plant fibers or plant aggregates were
integrated into the formulation of the compressed earth blocks[19], [101]. Note also that increasing
the DPW A content in the CEB mixture caused the bulk density to drop. Consequently, the low bulk

density of plant aggregates induced a decrease in the CEB bulk density. It was found that the bulk
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density value dropped from 2069.57 kg m~ (0% DPWA) to 2033 kg m~ (0.5% DPWA). As can be
observed, these values are within the usual interval of CEB bulk density interval that ordinarily
extends from 1800 to 2100 kg.m™ [62]. It is also worth adding that augmenting the DPWA content
from 0.1% to 0.5% caused a bulk density drop from 0.17% to 1.77% with respect to CEB without
DPWA. As can be seen, the bulk density diminution is very small, which can certainly be due to
the high compaction pressure applied to the sample during its manufacture (10 MPa) [19].

Similarly, Fig. 4.9 indicates that the evolution of the bulk density as a function of DPWA content

can be deduced from the expression given below:

p=20732 — 77.746(DPWA) (4.3)
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Fig 4. 9. Effect of DPWA content on CEB bulk density.
4.5.2 Thermal conductivity

The thermal conductivity of any material is defined as the rate of heat transfer by conduction
through a unit cross-section area of that material. The thermal conductivity 1s a bulk property that
describes the ability of a material to transfer heat. It 1s widely admitted that materials with low

thermal conductivity values are used for thermal insulation. In this regard, Fig. 4.10 summarizes
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the thermal conductivity values corresponding to various DPWA contents. One may easily see that
the thermal conductivity of CEB with DPW A decreases when the amount of plant waste aggregates
rises. Indeed, the block with 0.5% DPWA exhibited the lowest thermal conductivity value among
all blocks; this value dropped by about 13.28% with respect to that of DPWA-free blocks. The
results obtained showed that date palm waste aggregates helped to enhance the thermal
conductivity of CEB. It is interesting to mention that this reduction might have been caused by the
low date palm waste thermal conductivity which was found equal to 0.0738 + 0.0006 (W/m.K)
[25]. This small conductivity value was indubitably engendered by the higher volume of voids
created by the addition of DPWA into the CEB mixture. Therefore, the larger the void ratio, the
lower the thermal conductivity of the specimen [131]. Note that these voids are generally filled
with air [132], which means that the thermal conductivity progressively diminishes as the volume
of air in voids goes up as a result of the increasing amount of DPW A within the mixture. Moreover,
it was shown that plant-based aggregates have a much higher thermal insulation coefficient than
that of earth concrete or cement concrete. Low thermal conductivity materials are preferred for
buildings as they allow saving a lot of energy and ensure better thermal comfort for residents. These
findings are in good agreement with those previously reported in the literature[19], [25], [99],
1100], [133]-[135]. The lowest thermal conductivity value was found with 0.5% DPWA content.
Furthermore, the lowest dry and wet compressive strength values were obtained for this same
DPWA content. Although these compressive strength values are low, they are still acceptable for
the use of these blocks in earthen construction. Note that these values exceed the minimum

threshold of 1 MPa as recommended by Van Damme and Houben [1].
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Furthermore, the results depicted in Fig. 4.10 allow deducing an approximate relation, for
calculating the thermal conductivity as a function of the DPWA content for the blocks stabilized

with 12% of quicklime and compacted at 10 MPa stress, as follows:

DPWA

A=0.975 —

(4.4)
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Fig 4. 10. Effect of DPWA content on the thermal conductivity of CEB.
4.5.3 Thermal diffusivity

Fig. 4.11 depicts the variation of thermal diffusivity as a function of the amount of DPWA
incorporated into the formulation of CEB. It was found that the thermal diffusivity values were
within the interval extending from 7.096x10" m*/s to 7.386x10” m*/s. Also, when the DPWA
content increased, the thermal diffusivity went down. In comparison with the control block (free
of DPWA), when the DPWA content passed from 0.1% to 0.5%, the thermal diffusivity dropped
from 0.21% to 3.69%. Fig. 4.11 shows that date palm waste aggregates affect positively the thermal
diffusion damping in the blocks. It should be noted that the increase in the porosity of compressed

earth blocks, as a result of the integration of these aggregates into the CEB mixture and the alveolar

103



CHAPTER 4: RESULTS AND DISCUSSION

structure of plant wastes, both contribute to the heat diffusion-related damping process inside the
blocks [136].

On the basis of the results presented in Fig. 4.11, and using the least squares method, an
approximate relationship could be developed to compute the thermal diffusivity in terms of the
DPWA content for the blocks stabilized with 12% quicklime and compacted at 10 MPA stress. The
thermal diffusivity evolution followed the pattern described by Equation (4.5) within the waste
content interval under study, with no need to perform the tests. Following the same path one can

develop other relationships on CEB mixture performed with different conditions.
a= (737 — 1.614(DPWA)2) x 107’ (4.5)
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Fig 4. 11. Effect of DPWA content on the thermal diffusivity of CEB.
4.5.4 Thermal effusivity

The thermal effusivity of a material 1s defined as its ability to absorb and release heat through its
surface and to exchange the thermal energy with its environment [132]. In this context, Fig. 4.12

displays the variation of thermal effusivity as a function of DPWA content. As can be observed,
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when the DPWA content increased in the mixture, the thermal effusivity of CEB specimens
decreased. In comparison with the control sample (block without DPWA), when the DPWA ratio
passed from 0.1% to 0.5%, the thermal effusivity decreased from 2.85% to 11.63% . Consequently,
the compressed earth blocks that contained DPW A exhibited a lower ability to exchange heat with
their environment in comparison with the reference block [132]. The results obtained are in
agreement with those previously published by Boumhaout et al. [132] who conducted a study on
cement mortar containing palm mesh fibers, as well as those found by Djoudi et al. [136] who
investigated gypsum integrating date palm fibers.

Fig. 4.12 illustrates the variation of the thermal effusivity (e) as a function of DPWA content; it

can be deduced from the expression below:

e=1132.6 — 256.71(DPWA) (4.6)
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Fig 4. 12. Effect of DPWA content on the thermal effusivity of CEB.
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4.5.5 Volumetric heat capacity and specific heat

The volumetric heat capacity 1s defined as the amount of thermal energy needed to increase the
temperature of 1 m° of material by 1°C [10]. Fig. 4.13 presents the relationship between the DPWA
content and volumetric specific heat. It 1s clearly indicated that the volumetric heat capacity varies
between 1.3244 Mj/m’.K (for 0% DPWA content) and 1.1926 Mj/m°.K (for 0.5% DPWA content).
Indeed, it was found that increasing the DPWA content from 0.1% to 0.5% engendered a decrease
in the volumetric heat capacity from 2.75% to 9.95% 1n comparison with the block free of DPWA.
This decrease was due to the combined effects of thermal diffusivity and thermal conductivity
[132]. Similar findings have been reported 1n the literature [132], [137].

Fig. 4.13, which presents the variation of the volumetric heat capacity (C) as a function of DPWA
content, can be used to deduce that parameter from the following expression:

C = 13165 — 0.2583(DPWA) 4.7)
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Fig 4. 13. Effect of DPWA content on the volumetric heat capacity of CEB.
Regarding the specific heat, it 1s defined as the amount of heat that is necessary to raise the

temperature of 1 kg of a material by 1°C. The evolution of the specific heat as a function of the
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DPWA content is depicted in Fig. 4.14. The specific heat value of CEB without DPWA was found
within the interval [545 - 712 J kg'! K''] of unfired earth bricks as reported by El Fgair et al. [138].
It was also revealed that when the DPWA content increased from 0.1% to 0.5%, the specific heat
dropped from 2.56% to 8.33% in comparison with the block without DPWA. This decrease was
certainly due to the combined effects of the volumetric heat capacity and bulk density. It should be
noted that when the density and volumetric heat capacity both decreased, the specific heat of CEB
dropped too.

Fig. 4.14, which presents the evolution of the specific heat as a function of DPWA content, can be
used to evaluate Cp following the equation (4.8).

Cp =635.12 — 102.69(DPWA) (4.8)
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Fig 4. 14. Effect of DPWA content on the specific heat of CEB.

The thermos-physical parameters of the tested blocks and other building materials are summarized
in the table 4.2. The addition of palm waste aggregates improved thermo-physical properties,
particularly thermal conductivity, which i1s the most important characteristic. Furthermore, CEB
containing 0.5% DPWA and compressed at 10 MPa outperformed plaster concrete, sand concrete,

and CEB stabilized by 8% cement.
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Table 4. 2. Thermal properties of CEB based on DPWA and similar construction materials.

Reference Materials Thermal Thermal Thermal Specific heat
conductivity | diffusivity (a) | effusivity (E) [ (Cp) (J /Kg.
() (W/m. K) | (m?%/s) (J/m2K.s'?) | K)

This work CEB without | 0,975952753 | 7.36877 x1077 | 1136.923 639.961
DPWA

This work CEB with | 0,94720092 | 7.35352 x1077 | 1104.572 623411
0.1% DPWA

This work CEB with | 0,921449624 | 7.33692 x107" | 1075.758 608.482
0.2% DPWA

This work CEB with | 0,902018415 | 7.28662 x107" | 1056.701 604.351
0.3% DPWA

This work CEB with | 0,878000209 | 7.2418 x107 | 1031.742 593.830
0.4%DPWA

This work CEB with | 0,846423149 | 7.0969 x10”7 | 1004.738 586.653
0.5% DPWA

[71] CEB with 8% | 1.22 5.75 x107 1598 1106.87
cement

[100] unfired earth | 0.57 3.9 x10’ 913 774
bricks

[ E32] Cement mortar | 0.795 3x1077 1414 1229.91

bE) Sand concrete | 1.40 5.78 x10” 1862.8 1209.07

136] Plaster 0.895 3 x107 1600 1470.34

concrete
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4.5.6 Total water absorption

The results presented in Fig. 4.15 show the effect of DPWA content on the total water absorption
of compressed earth blocks. It can clearly be observed that the total water absorption increases as
the DPW A content rises. It turned out that the total water absorption of these blocks varied between
12.21% (0% DPWA on the first day) and 13.15% (0.5% DPWA on the fourth day). These are
favorable results and within acceptable limits in comparison with to the total water absorption of
clay bricks (from 0% to 30% ), calcium silicate bricks (from 6% to 16%) and concrete blocks (from
4% to 25%) [ 18]. It is worth indicating that increasing the DPWA level from 0.1% to 0.5% caused
the total water absorption to augment on the first day from 1.19% to 6.12%, on the second day
from 1.30% to 6.15%, on the third day from 1.38% to 5.80%, and on the fourth day from 1.41 %
to 5.82%. Obviously, the absorption rate was more rapid when the material was exposed to water,
but it started slowing down over time, until attaining the equilibrium point. These results may
certainly be attributed to the fact that date palm waste, which is a type of wood waste, 1s a very
hygroscopic material and presents a high water absorption capacity [23]. Similar results were

observed in several previously published studies [ 18], [23], [24], [108].
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Fig 4. 15. Effect of the DPWA content on total water absorption over time.

4.5.7 Capillary water absorption

The results regarding the effect of DPW A content on the capillary water absorption of compressed
earth blocks are presented in Fig. 4.16, which suggests that the capillary water absorption increased
as the DPWA content increased. The capillary water absorption of the block comprising 0.5%
DPWA was found equal to 13.10 g/cm min'* which is a quite acceptable value as it is smaller than
the recommended one of 20 g/cm min"*[19]. It was found that increasing the DPWA level from
0.1% to 0.5% engendered a capillary absorption increase from 5.62% to 56.91%. This increase in
the capillary water absorption of CEB may be assigned to the higher percentage of date palm wastes
in the CEB mixture. It should be noted that the increase in capillary absorption 1s due to two main
reasons which are first the hydrophilicity of plant waste, and second the increase in the porous
network due to the presence of waste in the mixture. These findings are in good agreement with

those previously reported by Taallah and Guettala [19].

110



CHAPTER 4: RESULTS AND DISCUSSION

/

(g/cm min'/2)

Capillary water absorption coefficient

0 0.1 0.2 1.3 0.4 0.5
Time(hours)

Fig 4. 16. Effect of DPWA content on capillary water absorption over time.
4.5.8 Swelling

Fig. 4.17 depicts the swelling data regarding compressed earth blocks containing date palm waste
aggregates. It 1s clearly observed that the swelling of the block increases as the DPWA content
grows. Indeed, the swelling ranged between 0.43mm/m (for 0% DPWA on the first day) and 0.96
mm/m (for 0.5% DPWA on the third day). The swelling values on the fourth day were similar to
those observed on the third day. Moreover, increasing the DPWA content from 0.1% to 0.5%
caused the swelling to increase from 14.82% to 51.29% on the first day, from 5.41% to 26.82% on
the second day, and from 4.65% to 14.49% on the third day. It was established that the swelling
rate 1n the block were influenced by many factors, like the quality of the clay mineral (kaolin, illite,
...) present in the soil used, the percentage of voids, and the amount and type of chemical stabilizer
used. When the quantity of DPWA in the mixture increases, the number of pores inside the sample
as well as the quantity of water absorbed by the sample increase, which explains the growing

swelling of the sample. Several studies reported comparable outcomes in the literature [ 18], [ 108].
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Fig 4. 17. Effect of DPWA content on swelling over time.

4.6 Correlation between the bulk density of blocks and their most important mechanical and
thermal properties

It 1s broadly admitted that density is among the most important physical properties affecting the
characteristics of materials, particularly the compressive strength and thermal conductivity. In the
present study, the relationships between the bulk density and other properties, such as the
compressive strength, thermal conductivity, thermal diffusivity and thermal effusivity of
compressed earth blocks including palm tree wastes, were investigated.

Fig. 4.18 illustrates the relationship between the dry compressive strength and bulk density of the
block samples. This same figure clearly indicates that the dry compressive strength of the blocks
augments as the density goes up, which reveals a direct correlation between the density and the dry
compressive strength. As clearly indicated, when the bulk density of CEB decreases from 2069.57
to 2033 Kg /m?, the dry compressive strength diminishes from 15.84 to 9.81 MPa. Moreover, the

increased CEB porosity, engendered by the incorporation of DPWA into the CEB mixture, induced
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a decrease 1n the bulk density, which in turn led to lower compressive strength of the compressed
earth blocks (CEBs).

Fig. 4.19 displays the relationship between thermal conductivity and apparent density of CEB. It
was found that its thermal conductivity decreased as its bulk density dropped. It should be noted
that the thermal conductivity decrease due to the bulk density drop can be attributed to the rise in
the CEB porosity as a result of the incorporation of DPWA aggregates into the CEB mixture. Note
that when the CEB bulk density decreased from 2069.57 to 2033 Kg /m?, its thermal conductivity
diminished from 0.976 to 0.846 W/m. K.

Figs 4.20 and 4.21 show the variations of the thermal diffusivity and thermal effusivity,
respectively, as a function of the apparent density of CEB. These two figures suggest that the
thermal diffusivity and thermal effusivity of CEB decreased as the bulk density of CEB went down.
This decline in thermal conductivity, thermal diffusivity and thermal effusivity is due to the slower
heat transfer when heat passes through the air-filled pores which are created by the incorporation
of DPWA. It 1s worth adding that the air in pores between aggregates plays the role of an insulating
medium [62]. Several authors have reported similar findings in the literature [19], [23], [24].

The linear relationships between the different properties of CEB and its bulk density (p) have a

good correlation coefficient and are given by the equations (4.9, 4.10,4.11 and 4.12).

DCS =0.1271 p — 248.38 (4.9)
L =0.003 p —5.2934 (4.10)
a=6x10"""p—6x1077 4.11)
e =3.0792 p — 5255.7 (4.12)

113



CHAPTER 4: RESULTS AND DISCUSSION

17 -

:

59

14
13 1

v
11
10
I . F . .
2025 2035 2045 2055 2065 2075

Dry compressive strength (MPa)

Bulk density (kg/m?)

Fig 4. 18. Relationship between the dry compressive strength and bulk density of CEB.
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Fig 4. 21. Relationship between the thermal effusivity and bulk density of CEB.

4.7 Evaluation of flexural behavior of compressed earth blocks (CEBs) using digital image
correlation technique (DIC): effect of different type of date palm waste fibers and compaction
pressure

4.7.1 Effect of date palm waste content and different compaction pressure on load-deflection

behavior of compressed earth bricks (CEBs)

Figs. 4.22 and 4.23 show load-deflection curves for unreinforced and reinforced samples with

different DPW types as well as for compressed earth bricks with different compaction pressures. It
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can be seen from the figures that the degradation of force values was related to an increase in DPW
content and a decrease in compaction pressure. All blocks presented quasi-linear elastic behavior
up to maximum load, followed by a sudden brittle failure of the block matrix, where samples could
not take any residual load resulting in immediate failure. The same behavior was seen in the control
blocks (without DPW) and the blocks with 2% DPW in the research by Khoudja et al. [25]. The
brittle fracture 1s explained as brittle materials and the introduction of low contents of DPW into
the mineral matrix did not contribute to improving the ductility of the tested materials. However,
the sample with 0.5 percent DPS, exhibited a two-phase behavior. The first phase i1s defined by a
quasi-linear load-deflection relationship up to a maximum value, followed by a second phase
characterized by a decrease in flexural load, accompanied by plastic deflection and an increase in
residual flexural force. The addition of 0.5% DPS increases the ductility of the bricks, resulting in
some residual force and increasing the deflection at failure (see Table 4.3). In addition, the ultimate
deflection of blocks values augmented when DPW fibers and aggregate content increased. Similar

findings have been observed in previous researches [101].

116



CHAPTER 4: RESULTS AND DISCUSSION

(@) 6 - _
: /
5 . ‘IFI ’
Z 4 -
v ! o A
= 3 P 0%DPWA
= 7 s I
: l
= : i : —-—--0.2%DPWA
—~ 23 i r
| i A 0.5%DPWA
] | E
U | L1 [ I 1
0 02 04 06 08 1 12 14
Deflection (mm)
0%DPWA.6MPa
A 0.2%DPWA.6MPa
i —-—--0.5%DPWA.6MPa

0 0102030405060.70809 1
Deflection (mm)

(c) 18

0% DPWA 2MPa
—--—- 0.2%DPWA 2MPa
----- 0.5%DPWA 2MPa

Load (KN)
o e
00 = N B o

o
)

s e o e S O W B S . .

0 0.1 0.2 0.3 04 0.5
Deflection (mm)
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Fig 4. 23. Effect of date palm type and content on mechanical behavior: typical load-deflection
curves of CEBs compacting by 10MPa.

Table 4. 3. Mechanical properties of CEBs with various DPW percentages and various compaction

pressure.
DPW (%) Compaction pressure | Maximum load (KN) Maximum

(MPa) deflection (mm)
2 1.678 0.211
0% DPWA 6 4.076 0.537
10 6.085 0.435
2 1.479 0.175
0.2%DPWA 6 3.312 0.569
10 5.729 0.57]
2 1.029 0.255
0.5%DPWA 6 2.544 0.349
10 4.85 0.864
0.2%DPS 10 3.084 0.375
0.5%DPS 10 2.708 0.631
0.2%DPM 10 4.205 0.430
0.5%DPM 10 3.079 0.510
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4.7.2 Effect of date palm waste content on flexural strength and modulus of elasticity

The flexural strengths of CEB filled by different DPW types are summarized in Fig.4.24. The
bending strength of the CEB without DPW is greater than other samples. The flexural strength
values range between 2.25 to 5.48 MPa. The results reveal that by increasing the DPW content, the
flexural strength of all blocks decreased. Furthermore, in comparison with the reference CEB, the
decreasing percentage in the flexural strength was about 5.83%, 20.25%, 30.83%,49.27%, 49.42%
and 55.52% for CEB containing 0.2% DPWA, 0.5% DPWA, 0.2% DPM, 0.2% DPS, 0.5% DPM
and 0.5% DPS, respectively. The results also show that the flexural strength values were higher for
the mixtures with DPWA than for those with DPM or DPS. This drop can be caused by poor

adhesion between the fibers and the earth matrix.

==f-=DPM =R=DPS =—fr—DPWA

Flexural strength(MPa)
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Fig 4. 24. Effect of DPW type content on flexural strength of CEB.
The apparent modulus of elasticity of CEB filled by different DPW types is summarized in

Fig.4.25. The apparent modulus of elasticity values range between 321.52 to 809.37MPa. The
apparent modulus of elasticity of the specimen of CEB without waste is higher than that of all the
others. The results show that increasing the palm waste content from 0% to 0.5% leads to a decrease
in the apparent modulus of elasticity of blocks 1n all types of palm waste. Compared to the block
without DPW fibers of CEB., the increase of the DPW content from 0.2% to 0.5% affects the
accompanying decrease of the apparent modulus of elasticity at DPM type from 16.38% to 57.36%,
at DPWA type from 37.71% to 60.27%, at DPS type from 37.86% to 51.04%. This decrease in
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flexural strength and apparent modulus can be related to the significant reduction of C-S-H in CEB,
which is mainly responsible for strength. This decrease of C-S-H due to a decrease S10: in the
mixture, which decreased due to the decrease in the amount of soil that has been replaced by

DPW][26].
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Fig 4. 25. Effect of DPW type content on apparent modulus of elasticity.

4.7.3 Effect of date palm waste content on dry compressive strength

The dry compressive strengths of CEB filled by different date palm waste type are summarized in
Fig.4.26. The compressive strength of the specimen of CEB without waste is higher than that of all
the others. The dry compressive strengths values ranging between 9.54 to 15.84 MPa. the results
show that the increasing the palm waste content from 0% to 0.5% lead to a decrease in compressive
strength of blocks in all types of palm waste. In addition, this reduction of compressive strength,
linked to the incorporation of plant waste with low compressive strength and stiffness[101]. The
results also show that the values of the compressive strength was higher for the mixtures with DPM
than for those with DPWA or DPS. Compared to the block without DPWA of CEB, the increase
of the date palm waste content from 0.1% to 0.5% affects the accompanied decrease of the
compressive strength at DPM type from 6% to 34.42%, at DPWA type from 15.03% to 38.09%, at
DPS type from 17.03% to 39.75%. This decrease can be due to the significant reduction of C-S-H
in CEB, which 1s mainly responsible for compressive strength. This decrease of C-S-H due to

decrease S102 in the mixture, which decreased due to the decrease in the amount of soil which has
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been replaced by date palm waste. The results were obtained in accordance with those published

in the literature[19], [101].
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Fig 4. 26. Effect of waste type content on dry compressive strength of CEB.
4.7.4 Effect of date palm waste content on Ultrasonic Pulse Velocity (UPV)

The results of ultrasonic pulse velocity of CEB presented in Fig. 4.27. It 1s clear that the ultrasonic
pulse velocity was affected by the incorporation of date palm waste, and 1t was observed that the
ultrasonic pulse velocity decrease with an increase in date palm waste content at all palm waste
types. The pulse velocity values ranged from 2556.67 m/s (0% palm waste content) to 1936.67m/s
(0.5% DPM). This decrease 1s due to the slowing down of ultrasonic pulses when they pass through
pores filled with air, these pores are caused by the addition of palm waste. In addition, the plant
waste have higher sound insulation coefficient than earth concrete. The results show that the block
filled with 0.5% of DPM are recorded the lowest value of ultrasonic pulse velocity compared to all
blocks with DPWA or DPS cases use. This result indicate that DPM have best sound insulation
than DPWA or DPS.
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Fig 4. 27. Effect of waste type content on ultrasonic pulse velocity of CEB.

4.7.5 Effect of date palm waste content on thermal conductivity of CEB

As has been frequently reported in the literature, the primary motivation for incorporating a bio-
resource into an earth matrix is to improve the material's thermal insulating properties[84], [100],
[140]-[143]. In order to optimizing thermal performance of compressed earth blocks (CEB) based
on different date palm waste (DPW) types, the thermal conductivity of CEBs incorporating
different DPW types was performed. The results of the thermal conductivity of CEB are shown in
Fig. 4.28. The values of the thermal conductivity are between 0.846 and 0.976 W/m. K. These
results show that an addition of plant aggregates and fibers in an earth matrix decreases the thermal
conductivity of the material. The addition of 0.5% of DPWA decreased the thermal conductivity
by 13.27% 1n comparison with the specimen without plant waste whereas the decrease was only
9.63% 1n the case of an addition of 0.5% of DPS, and 6.6% 1n the case of an addition of 0.5% of
DPM. The most efficient plant aggregate for improving the thermal insulation of the material seems

to be DPWA.
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Fig 4. 28. Effect of DPW type on thermal conductivity of CEB.
4.7.6 Effect of compaction pressure on properties of compressed earth blocks (CEBs) based

on date palm waste aggregates (DPWAs)
4.7.6.1 Effect of compaction pressure on bulk density and ultrasound plus velocity

The results of the bulk density and ultrasonic pulse velocity of CEB are presented in Table 4.4.
Increasing the DPWA content in the mixture of CEB subsequently decreases the specimen’s bulk
density and ultrasonic pulse velocity. The light bulk density of the plant aggregate can explain the
decreased bulk density of the CEB. Generally, the increase in porosity and decrease in density and
ultrasonic pulse velocity 1s due to the weak bond between date palm aggregates and the matrix. In
addition, This can be explained that the decrease of compaction pressure reduces the number of
contact between grains|62].The increase in compaction pressure leads to an increase in bulk density
and ultrasonic pulse velocity of CEB. The compaction pressure helps to reduce voids and therefore

to increase the density of the blocks[ 18].
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Table 4. 4. Bulk density and ultrasound plus velocity of CEB.

DPWA (%) Compaction pressure | Bulk density (kg/m?) | Ultrasonic pulse
(MPa) velocity (m/s)
2 1668.411+2.53 1526.67+118.46
0 6 1864.421+12.82 1863.33+115.03
10 2069.57+17.90 2556.671+58.59
2 1667.831+2.16 1333.33435.11
0.2 6 1862.5445.33 1783.331£83.26
10 2064+10.53 23233313511
2 1662.381+2.91 1310+91.65
0.5 6 1858.06+2.80 1680+86.60
10 20331+6.56 2110470

4.7.6.2 Effect of compaction pressure on dry compressive strength and dynamic modulus of

elasticity

Compressive strength i1s one of the most important mechanical properties of materials. Fig. 4.29

and F1g.4.30 shows the effect of DPWA content and compacting pressure on the compressive

strength of CEB. Compared with the CEB block without DPWA, increasing the DPWA content

from 0.2% to 0.5% led to a decrease in compressive strength. In addition, the reduction of

compressive strength that was observed in this study i1s connected to the incorporation of plant

aggregate that has low compressive strength and stiffness[101].
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Fig 4. 30. Effect of DPWA content and compaction pressure on the compressive strength of CEB.

Fig.4.31 shows the influence of DPWA content and compacting pressure on the dynamic modulus
of elasticity. The dynamic modulus of elasticity decreases when the percentage of date palm waste
aggregate (to replace natural soil and sand) increases. The incorporation of plant particles into

composite materials results in reduced dynamic elastic modulus|124]. Latroch et al. [ 124]reported

125



CHAPTER 4: RESULTS AND DISCUSSION

that the dynamic modulus of elasticity decreases as the percentage of waste from expanded PVC

sheets (EPVC) increases.

The increase in compaction pressure leads to an increase in dynamic modulus of elasticity and
compressive strength of CEB. The increase of the compressive strength with the dynamic modulus
of elasticity 1s mainly explained by the decrease of porosity of the CEB as shown in Fig.3 and
Fig.4.31. Increasing the applied compacting stress and thus increasing bulk density leads to CEB

with higher mechanical performance.

14
= y = 2.7945¢% 1558
. B R2=10.989
:‘ "J,é y= 2_1923‘3“.1&55:
S 10 R?=0.9993
- 3
2 ¢ il ee y = 2.202e0.1443x
E i R2=10.999
E 4 i
= 9
g 2
-5
-]
0
0 2 4 6 8 10 12
Compacting pressure (MPa)
® 0.5%DPWA ® 02%DPWA ® (0%DPWA
=-=.=-.Hepan. (.5%DPWA) ——=Expon. (1. 2% DFWA) Expon. (0% DPWA)

Fig 4. 31. Influence of the compacting pressure on the dynamic modulus of elasticity of CEB.

4.7.6.3 Effect of compaction pressure on apparent modulus of elasticity, flexural strength and

microstructure (SEM) of CEB

In order to know the effect of increasing the compacting pressure on the mechanical properties,
apparent modulus of elasticity, flexural strength and microstructure, various CEBs containing
DPWA types are considered. Figs. 4.32 and 4.33 show the effect of DPWA content and the
compacting pressure on the flexural strength and apparent modulus of elasticity of CEBs. One can
see from the figures that, when the compaction pressure is increased from 2MPa to 10MPa, the

modulus of elasticity and bending strength of CEB increases. In fact, the increase in compaction
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pressure from 2 MPa to 6 MPa resulted 1n a very significant increase in flexural strength of about
142.83% and from 2 MPa to 10 MPa compaction pressures resulted in an increase in flexural
strength of about 262.73% for the control block (samples without DPW). In addition, it was found
that samples containing 0.5% DPWA increased the bending strength by about 371.68% with an
increase in the compaction pressure from 2 MPa to 10 MPa. When the compaction pressure
increases from 2MPa to 10MPa, the apparent modulus of elasticity increases from 393.31MPa to
809.37MPa for a block without DPWA, and from 214.22 MPa to 321.52MPa for a block containing
0.5% DPWA. The results obtained in the present investigation confirm the previous findings of the

authors[ 18] regarding the effect of compaction pressure on the mechanical performance of CEB.
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Fig 4. 32. Effect of compacting pressure on flexural strength of CEB based on DPWA.
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Fig 4. 33. Effect of compacting pressure on modulus of elasticity of CEB based on DPWA.
On the other hand, Fig. 4.34 shows the decreased porosity of CEB and this explains the increase in

flexural strength and the modulus of elasticity. Microstructural analysis of the samples with
different compaction stress level was performed by scanning electron microscopy (SEM) and they
are presented in Fig.4.34. As it can be seen from Fig.4.34, CEB samples contain microscopic pores,
as evidenced by SEM scans. The block with a compacting pressure of 2 MPa has more micro-pores
than those with compacting pressures of 6 and 10 MPa. When the applied compacting pressure
rose from 0.39 MPa to 3.16 MPa, the porosity values decreased from 41.6% to 21.7%, according
to Ben Mansour et al.[62]. On the other hand, the block with compaction pressure of 10MPa has
lower micro-voids than the rest of the samples. Indeed, the internal structure of the fluid phase and
the solid phase (granular packing) was regulated by reducing the amount of macroscopic and

microscopic pores and this is due to the increased compaction pressure[62].

Building materials used 1n structural applications must have a minimum flexural strength of 0.65
MPa, according to British Standard BS 6073[144]. On the other hand, the Masonry Standards Joint
Committee requires that clay and concrete blocks have a minimum flexural strength of 0.21 MPa
[101], [145]. The sample integrated by 0.5% DPWA and compacted by 2MPa has the lowest
flexural strength of about 0.93 MPa. However, it stayed within the acceptable building materials
range, and all of the samples evaluated in this study have bending strengths that exceed these two

minimal requirements.
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Micro-pores

SEM HV: 20.0 kV WD: 5.45 mm | | || | VEGA3 TESCAN

View field: 55.3 pm SEM MAG: 503 kx 10 pm
Det: SE Date(m/d/y): 12117/20 LPCMA-Biskra

Micro-pores

SEM HV: 20.0 kV WD: 4.04 mm | || | ; VEGA3 TESCAN
View field: 55.8 pm SEM MAG: 500 kx 10 pm
Det: SE Date{m/diy): 12/17/20 LPCMA-Biskra

SEM HV: 20.0 kV WD: 4.85 mm | | VEGA3 TESCAN

View field: 55.6 ym SEM MAG: 500 kx 10 pm
Det: SE Date{m/dly): 12117120 LPCMA-Biskra

Fig 4. 34. SEM observation of CEB with different compacting stress levels: a) 2MPa, b) 6MPa and
c) 10MPa.
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4.7.6.4 Influence of the compacting pressure on the thermal conductivity of CEB based on
DPWA

The variation of thermal conductivity as a function of the compaction pressure is shown in Fig.
4.35. When the compaction pressure of CEB is reduced, the thermal conductivity is decreased. In
fact, the thermal conductivity has reached a value of 0.694 W/m.K at a compaction pressure of 2
MPa. The decrease in the thermal conductivity 1s mainly explained by the increase in the porosity
(micro-pores) of the CEB, as shown in SEM observation (Fig. 4.34). In fact, the decrease in
compaction pressure from 10 MPa to 6 MPa resulted in a significant decrease in thermal
conductivity of about 7.21%, and the decrease from 10 MPa to 2 MPa resulted in a decrease in
thermal conductivity of about 21.96% for the block containing 0.5% DPWA. In addition, it was
found that a sample containing 0% DPWA decreased the thermal conductivity by about 26.17%,
with a decrease in the compaction pressure from 10 MPa to 2 MPa. The results of Khoudja et
al's[25] studies on thermal conductivity revealed that the adobe block without date palm waste
(DPW) has a thermal conductivity of 0.677 W/m.K. Fortunately, the CEB block combined with
0.5% DPWA and compressed by 2 MPa gives approximately the same result (0.694 W/m.K).
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Fig 4. 35. Influence of the compacting pressure on the thermal conductivity of CEB based on
DPWA.
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4.7.7 DIC analysis (Strain field distributions)

The in-plane strain fields (& (transverse direction), &,y (force direction), and &.y) obtained by the
DIC technique, for different samples under flexural applied load are depicted in Figs. 4.36—4.50.
All DIC images were taken right before the collapse. In this study, the most important strain is the
horizontal strains (exx), because the samples are under a bending load. Many researchers [40],
[113], [120] have focused their analysis on understanding the exx behavior while studying the

failure mechanism of construction materials under bending tests by using the DIC method.

Figs. 4.36,4.39,4.40,4.45, and 4.48 show the horizontal strains (exx) of the CEBs beams just before
collapse. In particular, Fig. 4.36(a) demonstrates that the control CEB beam had low &xx values,
and with increasing the fiber doses for CEB beams (see Fig. 4.36 (b) to Fig. 4.36 (c¢)) the values of
exx Increased just before the crash (compared to the control CEB). The results of €xx show that the
samples have very high-localized strains in the middle of the block and the strain concentration
increases with increasing fiber content. This can be explained by the bending load being applied in
the middle of the block. These results are consistent with the destructive experimental results, as
the higher the palm fiber or the plant aggregates content, the higher the value of the ultimate

deflection.

In addition, when the compaction pressures of CEBs are increased, the values of exx are increased.
The block integrated by 0.5% DPWA and compacted by 10MPa has a high exx value (around 0.04
as seen in Fig. 4.36 (c)) at the tensioned bottom part compared to all other blocks. This 1s consistent
with the experimental results. From Fig.4.22 (a), it can be seen that this sample has the highest
ultimate displacement value. The fields of &yy strain are shown in Figs. 4.37, 4.43, 4.44, 4 47 and
4.49. As shown 1n these figures, the strain fields at the bottom of blocks are tensioned, while most
of the samples are compressed at the top. Since the beams are subject to bending forces, according
to the beam theory, there are two types of deformations, compression deformations, and tensile
deformations. It can be clearly seen from the shear strains (&xy) that the shear band 1s diagonal and
in the middle of the blocks in most cases (see Fig.4.38, 4.41, 4.42, 4.46 and 4.50). The &xy results
show high-localized strains at the bottom of the samples under two types of deformation: (1) caused

by tension stress and (2) by compressive stress.
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+ CEBs incorporating DPWA and compacting by 10MPa

Fig 4. 36. (a) £,,DIC of 0%DPWA.10MPa, (b) €, DIC of 0.2%DPWA.10MPa, and (¢) €, DIC of
0.5%DPWA.10MPa.

(b

Fig 4. 37.(a) £, DIC of 0% DPWA.10MPa, (b) €,,, DIC of 0.2%DPWA.10MPa, and (c) €, DIC of
0.5%DPWA.10MPa.
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Fig 4. 38. (a) €, DIC of 0% DPWA.10MP4, (b) €., DIC of 0.2% DPWA.10MPa, and (c) €,,, DIC
of 0.5% DPWA.10MPa.

(a)

1 0.01
0,00
&

1]

Fig 4. 40. (a) &4, DIC of 0.5%DPM.10MPa :(b) €, DIC of 0.5%DPS.10MPa.
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Fig 4. 42. (a) €4, DIC of 0.5%DPM.10MPa; (b) €y, DIC of 0.5%DPS.10MPa.

<107

l (b)

Fig 4. 44. (a) €,,, DIC of 0.5%DPM.10MPa; (b) €,,,, DIC of 0.5%DPS.10MPa.
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+ CEBs incorporating DPWA and compacting by 6 MPa

Fig 4. 45. () £, DIC of 0%DPWA.6MPa, (b) €, DIC of 0.2%DPWA.6MPa, and (c) €., DIC of
0.5%DPWA.6MPa.

II.I.‘I

(a)

Fig 4. 46. (a) £, DIC of 0% DPWA.6MPa, (b) £y, DIC of 0.2%DPWA.6MPa, and (c) €, DIC of
0.5%DPWA.6MPa.
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‘m: (b)

Fig 4. 47. (a) €,,, DIC of 0% DPWA.6MPa, (b) €, DIC of 0.2%DPWA.6MPa, and (c) €, DIC of
0.5%DPWA.6MPa.

+ CEBs incorporating DPWA and compacting by 2MPa

Fig 4. 48. (2) £, DIC of 0%DPWA.2MPa, (b) £, DIC of 0.2% DPWA.2MPa, and (c) £, DIC of
0.5%DPWA.2MPa,
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Fig 4. 49. (a) €, DIC of 0% DPWA.2MPa, (b) €,,, DIC of 0.2% DPWA .2MPa, and (c) €, DIC of
0.5%DPWA.2MPa.

Fig 4. 50. (a) €,,DIC of 0% DPWA.2MPa, (b) €,,, DIC of 0.2% DPWA.2MPa, and (c) €,,, DIC of
0.5% DPWA.2MPa.
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4.8 Conclusion

Based on the experimental results mentioned above, the following conclusions can be drawn:

The incorporation of date palm waste aggregates (DPWAs) in compressed earth blocks
(CEBs) improved their thermal behavior. Indeed, adding 0.5% by weight of DPWA
decreased the thermal conductivity, thermal diffusivity, and thermal effusivity respectively

by 13.28%, 3.69%, and 11.63% in comparison with the reference block (without DPWA).

Increasing the DPWA content in the CEB mixture caused the specimen’s bulk density to
go down. The lightweight block exhibited a lower thermal conductivity as compared to that
of the other compressed earth blocks.

In fact, the decrease in compaction pressure from 10 MPa to 2 MPa resulted in a significant
decrease in thermal conductivity of about 21.96% for the block containing 0.5% DPWA.
Fortunately, this block gives approximately the same result (0.694 W/m.K) as the adobe

block without date palm waste (0.677 W/m.K).

The dry and wet compressive strengths decreased while the waste content increased but still
remained within the range recommended for compressed earth blocks. In addition,
increasing the Date palm Waste (DPW) content decreased the flexural strength of all blocks.
The values of the flexural strength was higher for the mixtures with DPWA than for those
with DPM or DPS.

All of the samples evaluated in this study have bending strengths that exceed those minimal
requirements. The specimen integrated by 0.5% DPWA compacted with a static loading by
applying a compacting stress of 2MPa has the lowest flexural strength of about 0.93 MPa.
However, it stayed within the acceptable CEB range.

Increasing the percentage of DPW in the formulation of CEB directly affected the modulus
of elasticity. It turned out that the higher this percentage, the smaller the modulus of
elasticity.

The addition of 0.5%DPS increases the ductility of the bricks, resulting in some residual
force and increasing the deflection at failure.

The increase in compaction pressure from 2 MPa to 6 MPa resulted in a very significant
increase in flexural strength of about 142.83%, and the increase from 2 MPa to 10 MPa

resulted in an increase in flexural strength of about 262.73% for the control block (samples
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without DPW). In addition, it was found that for a block containing 0.5% DPWA,
increasing the compaction pressure from 2 MPa to 10 MPa leads to an increase in the
bending strength of about 371.68%. Furthermore, as the compaction pressure rises, the

modulus of elasticity and compressive strength of CEB rise as well.

The total water absorption, swelling, and capillary absorption of the blocks increase with
the increase in the DPWA ratio. However, these hygroscopic properties can be qualified as
acceptable as they have not exceeded the limits recommended by standards and literature.
Microstructural analysis by SEM show that the block with a compacting pressure of 2 MPa
has more micro-pores than those with compacting pressures of 6 and 10 MPa.

The SEM microstructural analysis showed the presence of voids between the DPWA
aggregates and the matrix. These SEM observations allowed confirming the previously
reported mechanical and thermal characterization results.

The EDX results indicated that the incorporation of DPWA as a substitute for soil and
crushed sand 1n the formulation of CEB caused a decrease in the C-S-H content, which
engendered a decrease in compressive and flexural strength of the blocks.

The results of exx show very high localized strains at the middle of block at the bottom of
the samples under tension. The strain concentration zone increases as the fiber content

increases.
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5.1 General conclusion

Earth construction is an older technique in human history. It has been used 1n most countries
of the world, especially in ancient civilizations on a worldwide scale, and it 1s still widely used
today. Algeria contains many Ksour (local name) of earthen buildings that are among the heritage
of the country and have remained as a witness to this type of construction. Among the many earth
materials techniques, compressed earth block (CEB) has several advantages, notably its
compressive strength. In addition, CEB technology 1s a relatively recent development in
construction and has become more popular over the last 50 years. Fortunately, CEBs are used as
elements in the construction of load-bearing walls or partition walls of residential or industrial
buildings.

This work is a part of a general problem of developing innovative building materials with
limited environmental and health impacts. In this context, we proposed to develop and characterize
an eco-material for construction formulated from an innovative earth and crushed sand matrix in
which conventional additives, fibers and aggregates would be substituted by renewable resources:
agro-resources. This research contributes to a feasibility study on the use of renewable natural
resources in the production of compressed earth bricks made from date palm waste. Quicklime was
used as a stabilizer to improve the strength and durability of the blocks against water.

The targeted applications were of two types:

v Compressed earth blocks reinforced with date palm mesh fiber (DPM) and date palm
spikelet fiber (DPS) are intended for application in the construction of load-bearing walls,

where flexural performance and ductility are most important.

v Compressed earth blocks incorporating date palm waste aggregates (DPWAs) as light plant
aggregates, for which the mechanical and thermal properties are important, and whose final
application would be, for example, the manufacture of self-supporting blocks also
providing a distributed insulation function. Thus, these developed blocks possessing
attractive mechanical properties, with enhanced thermal insulation features to provide
highly insulating walls intended for housing construction.

In the field of civil engineering, the use of plant fibers and aggregates remains relatively new,
and this prompted us first to review in depth the literature on the use of plant fibers and aggregates

in soil matrices and on its more widespread applications. According to literature the compressive
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strength of earth blocks materials 1s negatively affected by the incorporation of raw plant fibers.
However, the incorporation of plant waste for making construction materials reduces heat transfer
in buildings. It was found that, during quicklime stabilization of soils, four types of reactions may
occur between lime, silica and alumina. These reactions are: (1) Cation exchange, (2) Flocculation
and particle aggregation, (3) Lime carbonation, and (4) Pozzolanic reaction.

The third chapter 1s devoted to the characterization of many of the raw materials used in this
work. In our study, local materials were used for make date palm waste-based CEB as follows: soil
and crushed sand, quicklime as chemical stabilizer, three kinds of date palm waste (DPWA, DPM
and DPS) and water. The mineralogical composition shows that the soil has a high content of
calcite, dolomite and quartz and a low concentration of illite and gypsum. The chemical
composition shows that the soil has a high content of S102 and CaO. Crushed sand (0/3), for grain
size correction. Its chemical composition is mainly composed CaO. Quicklime produced by the
lime unit of Saida (Algeria) was used in this study.

All of the findings and debates are presented in the fourth chapter. In this chapter, we studied
the effect of date palm waste. This study assessed the valorization of aggregates and fibers of date
palm waste (DPWA, DPM, and DPS) as thermal insulator and as fibers reinforcement of
compressed earth bricks mixtures. Firstly, the mechanical, thermal and microstructure properties
of CEB filled with date palm waste aggregate (DPWA) as thermal insulator were investigated.
Secondly, the effect of the kind of date palm waste on the mechanical properties of CEB were
studied using DIC method to assess the influence of different date palm type and different
compaction pressure in terms of the mixtures: (1) mechanical performance ( flexural strength,
compressive strength and elastic modulus); and (i1) damage performance (strains concentration).
Based on the experimental results, the following conclusions can be drawn:

The incorporation of date palm waste aggregates (DPWAs) in compressed earth blocks
(CEBs) improved their thermal behavior. Indeed, adding 0.5% by weight of DPWA decreased the
thermal conductivity, thermal diffusivity, and thermal effusivity respectively by 13.28%, 3.69%,
and 11.63% 1n comparison with the reference block (without DPWA). Increasing the DPWA
content in the CEB mixture caused the specimen’s bulk density to go down. The lightweight block
exhibited a lower thermal conductivity as compared to that of the other compressed earth blocks.

In fact, the decrease in compaction pressure from 10 MPa to 2 MPa resulted in a significant
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decrease in thermal conductivity of about 21.96% for the block containing 0.5% DPWA.
Fortunately, this block gives approximately the same result (0.694 W/m.K) as the adobe block
without date palm waste (0.677 W/m.K).

The dry and wet compressive strengths decreased while the waste content increased but still
remained within the range recommended for compressed earth blocks. In addition, increasing the
Date palm Waste (DPW) content decreased the flexural strength of all blocks. The values of the
flexural strength was higher for the mixtures with DPWA than for those with DPM or DPS. All of
the samples evaluated in this study have bending strengths that exceed those minimal requirements.
The specimen integrated by 0.5% DPW A compacted with a static loading by applying a compacting
stress of 2MPa has the lowest flexural strength of about 0.93 MPa. However, it stayed within the
acceptable CEB range. Increasing the percentage of DPW in the formulation of CEB directly
affected the modulus of elasticity. It turned out that the higher this percentage, the smaller the
modulus of elasticity. The addition of 0.5% DPS increases the ductility of the bricks, resulting in
some residual force and increasing the deflection at failure. The increase in compaction pressure
from 2 MPa to 6 MPa resulted in a very significant increase in flexural strength of about 142.83%,
and the increase from 2 MPa to 10 MPa resulted in an increase in flexural strength of about
262.73% for the control block (samples without DPW). In addition, it was found that for a block
containing 0.5% DPWA, increasing the compaction pressure from 2 MPa to 10 MPa leads to an
increase 1n the bending strength of about 371.68% . Furthermore, as the compaction pressure rises,
the modulus of elasticity and compressive strength of CEB rise as well.

The total water absorption, swelling, and capillary absorption of the blocks increase with the
increase in the DPWA ratio. However, these hygroscopic properties can be qualified as acceptable
as they have not exceeded the limits recommended by standards and literature.

Microstructural analysis by SEM show that the block with a compacting pressure of 2 MPa
has more micro-pores than those with compacting pressures of 6 and 10 MPa. The SEM
microstructural analysis showed the presence of voids between the DPWA aggregates and the
matrix. These SEM observations allowed confirming the previously reported mechanical and
thermal characterization results. The EDX results indicated that the incorporation of DPWA as a
substitute for soil and crushed sand in the formulation of CEB caused a decrease in the C-S-H

content, which engendered a decrease in compressive and flexural strength of the blocks.
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The results of exx show very high localized strains at the middle of block at the bottom of the

samples under tension. The strain concentration zone increases as the fiber content increases.

In conclusion, these findings suggested that this novel Date Palm Waste-based Compressed
Earth Bricks may be used as an interesting alternative to produce an environmentally bricks for the
construction of walls with interesting mechanical properties and better thermal insulation

properties as best as possible than those built with conventional compressed earth blocks.

5.2 Perspectives

This study was conducted using different raw materials, unconventional in our field. It therefore
constituted a first step in characterizing these constituents, understanding their interactions and

verifying the feasibility of developing composites for buildings from these agro-resources.

The perspectives of this work are therefore numerous and could be the subject of additional studies

in each of the axes explored.

1. Study of the real-scale mechanical properties of walls built by compressed earth blocks
reinforced by date palm waste fibers.

2. Study of the real-scale dynamic behavior of walls built by compressed earth blocks
reinforced by date palm waste fibers.

3. Development of numerical and analytical models for the study of composite structures built
by compressed earth bricks reinforced by date palm waste fibers and aggregate.

4. Study of the durability in aggressive environments of compressed earth blocks "CEB"
reinforced with date palm waste.

5. Study of the microstructure by x-ray micro-tomography of compressed earth blocks with

and without date palm fiber.
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