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Abstract: In recent years, the construction sector has significantly increased demand for new building
materials that can reduce environmental impact and promote sustainable design strategies. In this
context, the use of earth for construction purposes has received increasing attention in the last decade
owing to its low environmental impact, local availability, and recyclability. The literature survey
indicates that the incorporation of waste materials in the production of unfired earth bricks holds
significant potential to partly substitute earth by satisfying specific requirements. Additionally,
utilizing these waste materials for the development of unfired earth bricks provides a solution
that conserves natural resources, reduces energy consumption, and contributes to efficient waste
management. The aim of this paper is to present an overview of recent research focusing on the
recycling of various types of waste into eco-friendly unfired earth bricks. Also, the effect of the
incorporation of waste materials on the thermal and mechanical properties of unfired clay bricks
is reviewed. The most common results, organized based on the type of additive (industrial or
agricultural waste), are shown and discussed.

Keywords: unfired earth brick; waste materials; thermal properties; mechanical properties;

environment impact

1. Introduction
1.1. Background

The world’s population has been growing rapidly and is expected to continue to
grow in the coming decades. According to the United Nations, the world’s population is
projected to increase from 7.7 billion in 2019 to 9.7 billion in 2050 and it is estimated to
exceed 10.9 billion by the end of this century [1]. The growing population will consequently
increase the demand for energy, water, and natural resources.

According to the International Energy Agency (IEA), buildings were responsible for
approximately one-third of global final energy consumption in 2017 [2].

In 2020, the building sector accounted for 36% of the world’s final energy consump-
tion and contributed to 37% of energy-related CO, emissions worldwide, as shown in
Figure 1 [3]. The major areas of energy consumption in buildings are heating or cooling
for indoor spaces, which account for approximately 35% of total building energy usage [4].
Building envelopes play a predominant role in controlling and regulating the thermal
energy of the indoor environment. Moreover, it is a critical component for achieving
energy-efficient buildings.
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Figure 1. The contribution of the building sector to the world’s final energy and energy-related CO,
emissions in 2020.

Nowadays, the building construction sector is confronted with significant challenges
in its quest to achieve sustainable development in both developed and developing countries.
Employing locally available materials and techniques in construction projects is recognized
as a promising approach to promote sustainable development [5]. The literature reveals
that the development and potential use of more sustainable, environmentally friendly
building materials, as well as waste management and recycling, are crucial measures for
minimizing the environmental impact of construction activities [6].

Raw earth (unfired) constitutes a construction material that possesses numerous
characteristics aligned with environmental considerations, making it an ideal choice for
eco-friendly construction practices [7]. Raw earth is an abundant and recyclable natural
resource that can be extracted and used locally, leading to cost-effective production and
lower embodied energy when compared to fired clay bricks and concrete. Additionally,
it contributes to a reduction in the energy needed for both construction and transporta-
tion [8]. In contrast to industrial construction materials like concrete, unfired earthen
building materials require approximately 99% less energy during the manufacturing pro-
cess [9]. Moreover, in term of thermal performance, earthen constructions exhibit a high
level of thermal efficiency, particularly in warm and temperate climates [10,11]. Different
cultures and societies worldwide have developed various techniques for utilizing earth
in construction activities. Different forms of unfired earth materials including rammed
earth, sun-dried earth bricks, and compressed earth blocks are employed in construction
applications [12]. Despite the many advantages offered by the use of earthen material
(earth block) in masonry construction, it is known to deteriorate rapidly under severe
weather conditions [13]. In order to overcome this drawback, it is necessary to improve
the physical and hydro-mechanical properties of the earth block. The improvement of
these properties can be achieved through three potential methods: physical, mechanical, or
chemical stabilization [14-16]. These techniques aim to enhance the durability and strength
of earth materials while minimizing the damage associated with this drawback [13,17]. In
recent years, there has been a growing number of investigations conducted on the incorpo-
ration of additives or stabilizers in earth materials. These investigations aim to improve the
properties of earth materials, thereby expanding the potential application of this technique
in a wider range of construction projects [18].

On the one hand, the boom of construction has led to the depletion of clay resources.
This shortage has encouraged researchers to search for alternative materials or reuse the
by-products generated from diverse anthropogenic activities in various industries [19,20].

On the other hand, the disposal and the management of waste generated by the
industrial and agricultural sectors in developing countries poses an additional significant
concern. Furthermore, the current global waste generation volume is estimated at around



Buildings 2023, 13, 2314

30f29

1.3 billion tons per year, and it is anticipated to rise to approximately 2.2 billion tons by the
year 2025 [21].

In their quest to encourage sustainability and adopt more eco-friendly practices, re-
searchers have made considerable efforts to integrate various types of agricultural and
industrial wastes into earth brick manufacturing. By incorporating waste materials in
earth brick production, several benefits are achieved. It not only enhances the perfor-
mance of bricks, but also overcomes the scarcity of natural resources, particularly clay,
while effectively managing the environmental problems associated with traditional brick
manufacturing [22].

Numerous research studies have been published focusing on the investigation of the
mechanical and thermal properties of unfired earth bricks incorporating waste materials [23-27].

1.2. Focus and Research Questions

Considering the above, this review paper addresses the state of the art of the recent
research updates on utilizing various waste materials (agricultural and industrial) to
produce unfired earth bricks and analyzes the impact of the inclusion of such additives
on the performance of this kind of bricks. This analysis is conducted to make it easier
for builders and researchers to select the best alternative with a better understanding of
the consequences, including mechanical, thermal, and environmental aspects, that arise
from the process of stabilization. To achieve this objective, this study is divided into
six sections. Section 1 introduces the various types of earth bricks/blocks employed in
construction masonry. Section 2 presents the main additives or stabilizers that have been
commonly used in the manufacturing of unfired earth bricks. Section 3 highlights the main
factors to consider in designing eco-friendly construction materials, including mechanical
and thermal properties and environmental impact, and the Sections 4 and 5 focus on
investigating the impact of the incorporation of waste materials on the mechanical and
thermal performance of unfired earth bricks, specifically examining how each type of
stabilizer is used to improve each parameter. Section 6 is dedicated to examining how the
inclusion of waste materials affects the physical characteristics of unfired earth bricks.

2. Exploring the Use of Earth Bricks in Construction
2.1. Types of Earth Bricks/Blocks Used in Construction Masonry

Bricks have been used for thousands of years as common building materials due to
their durability and high compressive strength. These qualities make them well suited
for being employed as a structural element, such as walls, and other elements in building
construction. Various types of bricks are employed in masonry construction, and they can
be classified based on raw material (clay, concrete, sand-lime, fly ash, ...), as well as the
manufacturing process employed, as depicted in Figure 2.

{iii} Sand-Lime
(i) Concrets Bricks Bricks
{vi)Fire Bricks ;

(iw) Fly Ash Bricks
{w) Engineering Bricks

Figure 2. Different types of bricks based on raw materials [28,29].
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Studies reveal that the majority of bricks used in building construction are made
from clay, a material that has been utilized for centuries and possesses qualities that are
highly significant [6,30]. Clay, the most abundant natural material on earth, is a multiphase
mixture composed primarily of clay minerals along with other associated phases [31]. Itis a
cost-effective material that is easy to work with when compared to other building materials.
Due to these qualities, clay has become a conventional and preferred raw material in brick
manufacturing. Based on the manufacturing process, earth bricks are broadly classified into
two types: fired clay bricks and unfired clay bricks. These types of bricks are commonly
used in masonry construction and have been employed for thousands of years. Bricks
made of air-dried clays are reported to have been utilized as early as the Neolithic period,
while fired clay bricks date back to around 4500 BCE [32].

2.1.1. Fired Earth Bricks

Fired earth bricks, also known as fired clay bricks, are produced by placing wet clay
into a dry press or mold to give them their desired dimensions. After molding, the bricks
undergo a drying process to reduce their moisture content. This is typically achieved
through natural drying in sunlight or by using drying chambers (artificial drying). Finally,
the bricks are fired in a kiln at high temperatures. The process of firing the bricks causes
a chemical reaction that hardens the clay and makes it more durable and resistant to
weathering. Fired earth bricks have been used for centuries and are still a popular building
material today. Two well-known types of fired earth bricks that we can mention are clay
solid and hollow clay bricks.

2.1.2. Unfired Earth Bricks

Unfired earth bricks, also called sun-dried bricks or raw earth bricks, are construction
units made by mixing earth material (clay) and usually some additives that enhance their
properties. After putting the mixture in specific molds, they are left to dry under sunlight
to reduce shrinkage and enhance strength.

Utilizing unfired earth as a building material presents a sustainable alternative that
contributes to the reduction of the environmental impact of dwellings. Raw earth offers
the benefit of being locally sourced and can be implemented in construction projects with
minimal alterations.

In the field of earth building construction, several techniques are used, with the most
common ones being adobe and compressed earth bricks (CEB) [33].

e Adobe: Adobe, a natural construction material composed of sand, clay, and water,
incorporates some kind of fibrous or organic elements such as straw, sticks or dung,
which is formed into bricks using frames and dried naturally under the sun [34,35].
The mixture, which has the consistency of thick mud, is poured into parallelepiped
molds with dimensions of conventional bricks and dried in the sun for several days.
After this, the blocks are removed from the molds and used to build masonry structures
like ordinary fired bricks [36]. It is important to note that adobe constructions offer
significant thermal, economic, and environmental advantages. Nevertheless, they
commonly face criticism due to their sensitivity to water and perceived limitations in
terms of durability [25].

e Compressed earth bricks/blocks (CEB): Compressed earth bricks, a modern eco-
friendly product and descendent of the traditional molded mud block known as
adobe, are becoming increasingly popular as a construction material worldwide due
to their numerous advantages. In comparison to earlier methods and techniques of
earthen construction, they exhibit enhanced strength and are more dimensionally
stable [37]. Additionally, they are unfired; no coal or burning materials are needed
during production. Compressed earth blocks (CEB) are considered environmentally
friendly building materials and represent one of the most commonly used materials in
earthen building construction. They are often manufactured on-site by compacting
moist soil to a relatively high density inside a parallelepiped mold with the dimensions
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of a standard brick. Compaction is achieved using hydraulic or mechanical presses
that apply loads between 2 MPa and 15 MPa [38]. The process of compacting earth
not only enhances the quality and performance of the molded earth blocks [39], but
also promotes numerous social, economic, and environmental advantages [10,40].

Each type of earth brick has its advantages and disadvantages, and it is essen-
tial to select the appropriate brick material for a specific construction project to ensure
optimal results.

2.2. Unfired Earth Bricks in Construction: An Analysis of Benefits and Limitations

Unfired earth bricks have served as building materials for thousands of years in many
different cultures around the world and are still extensively used in many developing
countries. In the context of increasing environmental awareness in the construction sector,
earth construction has gained significant attention by a great number of researchers and
builders that are looking for alternative, eco-friendly, and sustainable building methods [41].

The use of unfired earth bricks provides multiple benefits when compared to other
building materials. The combination of the benefits of unfired clay bricks makes them a
highly desirable material for building construction. While earthen materials have several
benefits, it is important to consider the drawbacks or challenges associated with their use
in construction. It is crucial to find effective solutions for these drawbacks to ensure the
suitability, durability, and structural stability of unfired earth bricks before utilizing them
in building construction.

A summary of the various benefits and the potential drawbacks of unfired earth bricks
is presented in Table 1.

Table 1. Benefits and drawbacks of using unfired earth bricks in building construction.

Advantages [42] Drawbacks [43]

ix)

Economically beneficial / cost-effective
Require basic tools and less skilled labor

Hygroscopic regulation
Environmentally sustaina
Low energy consumption
Good acoustic properties
Good fire resistance

Easy to design and high a

L Longer construction time

II.  Low durability

III. High water absorption capacity
IV.  Longer construction time

ble

viii) Availability and accessibility of raw materials

esthetical value

3. Stabilizers and Additives Used in the Manufacturing of Unfired Earth Bricks

Suitable materials in construction must be long-lasting. The buildings are designed to
last at least 50 years.

Despite the numerous benefits of using raw earth bricks, such as sustainability and cost-
effectiveness, there is one significant drawback when using earth alone as a building mate-
rial: its limited durability, which is strongly correlated to its compressive strength [44,45].
In the past, they have been considered less superior to more durable materials like stones
and fired clay bricks [46]. For instance, the reason why fired earth bricks are preferred
instead of unfired ones is that the temperature used during the firing process makes them
more durable and enhances the strength of bricks. This in turn results in buildings that are
more suitable and favorable.

To fully harness the potential of raw earth bricks, it is necessary to stabilize them
before their usage in building construction. There are various types of stabilization meth-
ods, including mechanical, physical, chemical stabilization, or combined methods [47,48].
Mechanical stabilization refers to compacting the soil, leading to alterations in its density,
porosity, permeability, and mechanical strength. On the other hand, “physical stabilization”
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involves modifying the soil’s texture. This includes the controlled mixing of different soil
fractions or natural soils, as well as the inclusion of fibers. However, chemical stabilization
is the process of introducing additional materials or chemical binders to the soil, either
through a physical-chemical reaction between the material and the soil grains or by creating
a matrix that binds or coats the soil, thereby adjusting its properties. This process aims to
improve the physical and mechanical properties of earth bricks [49], such as density, poros-
ity, strength, impermeability, and durability [50], while also enhancing their thermal and
acoustic performance. The choice of the stabilization technique will depend on the specific
properties and characteristics of the raw earth material and the desired final product.

3.1. Stabilizers

For unfired clay bricks, which are the principal subject of this paper, different materials,
including fly ash, cement, lime, gypsum, and bitumen, have been used as chemical stabiliz-
ers to enhance both their durability and mechanical performance. In the majority of studies,
lime or cement [14], or the combination of both materials [51], has been used as stabilizers
for earthen construction. Extensive documentation about this type of stabilization method
can be found in the published literature [52-54].

In the case of using cement as a stabilizer, it is generally agreed that the incorporation
of cement can result in notable enhancement in both compressive strength and moisture
resistance [55,56]. Nevertheless, according to several authors, the utilization of cement
often carries environmental drawbacks attributed to the high energy requirements and
significant CO, emissions associated with its production [43,57,58]. Although lime has been
suggested as a potential substitute for cement based on its perceived lower environmental
impact, an ongoing discussion persists regarding the actual validity of this claim [59].

On the other hand, P. Walker and the Australian standard [60] recommend the use of
aerial lime for cohesive soils, while cement is advised for granular soils.

3.2. Additives: Incorporation of Waste Materials

Some other techniques can be used to stabilize unfired earth bricks, such as adding
fibers or other reinforcing materials to the mixture. In recent years, there has been growing
interest in the use of various types of wastes and low-cost materials as additives in the
manufacturing and production of earth bricks. The utilization of waste materials serves
a dual purpose: it enhances the thermal and the mechanical properties of bricks and
simultaneously it mitigates the scarcity of natural resources and effectively controls the
related environmental issues [61,62].

Waste materials as additives are commonly employed to address issues with earthen
building materials. Generally, these materials are helpful in improving specific properties,
including thermal insulation, mechanical strength, durability, abrasion resistance, and fire
resistance, as well as reducing water absorption and minimizing environmental impact.
The amount of additives varies based on the particular type of additives employed and the
existing soil conditions.

The common additives can be categorized into two main groups: agricultural and
industrial wastes.

3.2.1. Incorporation of Inorganic Waste/Industrial Waste

One of the most efficient strategies for sustainable waste management is giving in-
dustrial waste a second life as construction material. The construction industry is one
of the major consumers of natural resources and generates significant amounts of waste.
The reuse of industrial waste in construction material manufacturing offers a solution
to concerns regarding waste disposal and ecological impact and moves toward a more
sustainable future.

The utilization of industrial waste as a substitute stabilizer in construction activities
has been demonstrated to be a practical approach for reducing environmental impacts while
simultaneously offering social and economic advantages [63,64]. Recycling industrial waste
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by integrating it into building materials offers numerous benefits, such as waste reduction,
conservation of natural resources, reduction of greenhouse gas emissions, enhancement of
building performance, and lowering of production costs.

Industrial waste consists of materials that become unusable during the production
process in factories, mills, and mines. Among various types of industrial waste, fly and
bottom ash generated by thermal power plant ashes are widely employed in the production
of unfired earth bricks. In addition to bottom and fly ash, various other industrial wastes
such as steel fibers, copper mining tailings, glass, sludge, red mud, and plastic fiber have
been also recycled in unfired brick manufacturing.

Table 2 summarizes a literature review on different industrial wastes used in the
manufacturing of unfired earth bricks.

Table 2. Literature review of types of industrial wastes used in the manufacturing of unfired

earth bricks.

Waste Material Reference Content (wt%) Length (mm) Type of Brick Year
Coal fly ash [12] 10, 12, and 16% —_— Unfired earth bricks 2018
Bottom ash [65] 52.5-75% — Unﬁreiigﬁ‘fressed 2013

Polypropylene [37] 02;:3:1.41,,(()).3;02.81 54 mm Compéis)zij earth 2015

Polyurethane [66] 5-15% E— Adobe 2016
Plastic
fiber /polystyrene [67] - — Mud bricks 2005
fabric
HDPE and PET waste 1%, 3%, 7%, 15%, Unfired lightweight
plastics [68] and 20% lmm <3< 6mm clay bricks 2020
s AF:16.1,32.2,
Alumina filler (AF) [69] and 247.82% - Unfired clay bricks 2013
and coal ash (CA)
CA: 7%.
Calc1um carbide [70] 0-15% - Compressed earth bricks 2018
residue
Magnesium oxide [71] 4-10% — Unfired clay bricks 2017
Ceramic waste [72] asgéo’lgg(;o’ - Compressed earth bricks 2016
Waste marble dust (PF): 0.5,1.0, 1.5,
(WMD) and and 2.0% Length of (PF):
polypropylene fiber [73] (WMD): 10 and 12 mm Adobe 2017
(PF) 20%.
Concrete waste [74] 20%, 25%, and 30% 4 mm Unfired bricks 2018
Brick dust waste [75] 5 /Oéig /;(’)3/5 tor Unfired clay bricks 2014
Glass fiber-reinforced o
polymer (GERP) waste [76] 0 to 10% 8.5 mm Adobe 2019
Steel fibers
(salvaged from [77] 1.7%, 2%, and 2.7% 20, 35, and 50 mm Unfired earth blocks 2012
used tires)
Rubber crumbs and [66] 5%, 10%, and 15% - Adobe 2016
polyurethane

Granulated blast o Compressed earth
furnace slag [64] 0-45% 0.1-3.5 mm blocks 2018

Paper and pulp [78] 0-20% 1.5 mm Adobe 2020

Crushed brick waste [11] 6 /Oa;rgl /5213/8 or 0.15-0.6 mm Compressed earth block 2021
Wastewater treatment (0%, 1%, 3%, 7%, X .
plant sludge [79] 15%, and 20%) 5-15 mm Unfired earth bricks 2021
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3.2.2. Incorporation of Agricultural Waste

This section focuses on promoting the development of eco-building materials and high-
lights the potential of agricultural waste to enhance the performance of unfired earth bricks.

Agro-wastes encompass all undesirable materials that arise from agricultural activities
which can be obtained from either plants or animals. These materials are cost-effective,
sustainable, and abundantly available in many agricultural regions. The majority of
research papers examined in this study included plant-derived wastes. Some of the most
common agricultural waste materials used in the production of unfired earth bricks include
rice husks, wheat straw, coconut shells, date palm fiber, sugarcane bagasse, sawdust,
cassava peels, and typha plants.

A literature review on different agricultural wastes used in the manufacturing of
unfired earth bricks is presented in Table 3.

Table 3. Literature review of types of agricultural wastes used in the production of unfired earth

bricks.
Reference Additives Content (wt%) Fiber Length Type of Brick Year
[80] Rice husks 0%, 3%, 6%, N Unfired bricks 2021
and 9%
[81] Sugarcane baga 1,3,5,7,9, 15-mm Soil brick: 2020
ugarcane bagasse and 11% oil bricks
[82] Sugarcane bagasse 0.78 Soil blocks 2015
[83] Sugarcane bagasse 5% — Unfired clay bricks 2020
6] Palm fronds and 10% to 60% S Unfired clay bricks 2022
palm seeds
[49] C%ngut 0.25-1 wt.% 38 and 50 mm Soil building blocks 2015
[67] Straw Mud bricks 2005
[27] Wheat and barley Straw 0 1% to 3% 4 cm Unfired earth bricks 2015
[84] 25% and 33% Adobe 2011
[85] Banana fiber 0.35% 25 and 50 mm Compressed earth 2015
blocks
0%, 1%, 3%, 7% .
7 7 7 7 < <
[86] Sawdust 15%, and 20% 05<5<3mm Compressed earth bricks 2016
[87] Straw and sawdust 30% to 70% 05<86<8cm Adobe 2021
by volume

. 0.05%, 0.1%, 0.15%, Compressed earth
[88] Date palm fiber and 0.2% 2-35cm blocks 2016
[89] Olive waste and date 0 to 30% — Clay bricks 2019

palm fiber
Sawdust, tobacco, 0%, 2.5%, 5%, .
[90] and grass and 10% —_— Clay bricks 2008
[91] Pineapple leaf fiber 0.25-0.75% Clay bricks 2011
[92] Cassava peels 0%, 2.5%, and 5% Compressed earth 2012
blocks
. (00/0,' 10/0; 5Cyo; 70/0,' . .
[93] Saw palmetto fibers 10%, and 12%) Unfired clay bricks 2023
0%, 2%, 5%, 10%, . .

[94] Almond husk and 20% Unfired clay bricks 2023
[95] Jute 0.5 and 2.0 wt% 7,15, and 30 mm Adobe 2021

0.25%, 0.5%, 0.75%, Compressed earth
[96] Jute and banana and 1.0% 60-70 mm blocks 2018
[97] Sisal 0.75% 25 mm Adobe 2019
[98] Pennisetum setaceum 0,2,4,8, and 8% 0.28-1.36 mm Adobe 2022
[26] Millet 0,1,2,3,and 4% _—_ Adobe 2020
[99] Doum fiber From 2% 3.5-4 cm Compressed earth bricks 2022
9] Hemp and flax fibers 1% and 3% - Unfired earth bricks 2016
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Furthermore, numerous research studies have demonstrated that for achieving thermal
comfort in buildings, it is highly recommended to utilize unfired clay bricks mixed with
vegetable fibers. These particular types of bricks offer remarkable energy-saving advantages
in contrast to bricks fabricated with conventional materials such as cement agglomerates
and concrete [25].

4. Essential Factors to Consider in Designing Eco-Friendly Construction Materials:
Mechanical and Thermal Properties and Environmental Impact

The engineering properties of a material play a critical role in determining its suitability
for use as a building material. These properties not only influence the quality and capacity
of the material but also determine its potential applications in construction projects.

Building materials are typically classified into several categories based on their phys-
ical, mechanical, and thermal properties. Physical properties refer to the characteristics
of a material that can be observed or determined without changing its identity, while me-
chanical properties refer to a material’s ability to withstand applied forces or deformations.
Thermal properties are another key category of building material properties and relate to a
material’s ability to transfer and conduct heat.

To develop sustainable buildings, it is essential to have knowledge about the thermal
and mechanical properties of building materials to be employed. The durability of a
building significantly depends on the mechanical properties of the construction material
utilized. On the other hand, the energy efficiency of a building can be greatly affected by
the thermal characteristics of its construction materials, which play a crucial role in terms
of its thermal inertia or insulation.

The essential factors to consider carefully during the manufacturing of eco-friendly
unfired earth bricks, in our case, are as follows:

4.1. Thermal Conductivity

The thermal conductivity of bricks plays a crucial role as it directly impacts the heat
losses from buildings, consequently leading to increased energy consumption. It measures
the rate heat transfer through a material’s unit area when a perpendicular temperature
gradient is present in the area. Lower thermal conductivity in construction materials
provides better insulation against heat transfer, reducing the reliance on heating, ventilation,
and air conditioning systems and conserving energy and natural resources.

The thermal conductivity of unfired earth brick measures 0.961 W/m.K [27], and it
can be further decreased to align with insulating materials by incorporating various types
of waste.

Construction materials exhibit a wide range of thermal conductivity values, as shown
in Figure 3.

Metal / A"{-)Z 380

04 Structural Material 138

01 Stone / Concrete 138

/
02 Glass / Ceramic 14

04 Fiber Composite 08

/
0z, Soil / Earth ) —> -

Plastic / Polyre b Unfired Eartn Brick
0.04 s 0.6 : (0.961wimK)

0.04 Plaster 08

Wood

0.05 ]

/ 3
0.04 Cellular Glas$ / Mineral 08 !

0.2, Insulation Material 02

)
0.01 0.1 1 10 100 1000

Thermal Conductivity (W/m.k)

o mense i PNTRACTIONMATERIALS... ...

S
=
=

Figure 3. Thermal conductivity values of typical construction materials [27,100].
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4.2. Compressive Strength

Compressive strength is the most critical mechanical characteristic of bricks, playing a
fundamental role in designing and evaluating structures. It ensures the engineering quality
of bricks and their suitability for load-bearing or non-load-bearing walls. It represents the
ability of unfired earth bricks to withstand loads without deflection or cracks, and it can be
measured using the device shown in Figure 4. Compressive strength testing is essential,
especially in large-scale construction projects, to prevent accidents and building failures.
The strength depends on mixture composition, compaction pressure, and curing time. It
influences the design of structures, as some materials fracture at their limit, while others

undergo irreversible deformations.

F
CS=—
S

where CS (Mpa) represents the compressive strength, F (kN) is the breaking force of the
specimens, and S (cm?) represents the surface area of the specimens.

Load Cell

Sample Holder

Figure 4. Compressive strength test.

Bricks commonly used in the construction of building walls are categorized with
grades from M3.5 to M7.5, which correspond to the compressive strength values between
3.5 MPa and 7.5 MPa [80].

The minimum value of compressive strength that makes unfired clay bricks acceptable
for constructing buildings is 3.50 MPa [101].

4.3. Flexural Strength

Flexural strength is a mechanical property that measures a material’s ability to with-
stand deformation or fracture under bending forces. It is determined by applying a bending
force to a specimen and measuring the maximum stress or load before fracturing. The most
common method to assess flexural properties is through a transverse bending test using a
three-point technique, as illustrated in Figure 5. Flexural strength is also known as bending
strength, modulus of rupture, or transverse rupture strength, and it involves a combination
of tensile and compressive stresses.
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Force

Loading pins

Specimen

_

upporting pins

Force
Loading pins

upporting pins
Figure 5. Three-point flexural test.

The minimum flexural strength required for building materials intended for structural
applications is 0.65 MPa [101].

4.4. The Environmental Impact of Using Unfired Earth Bricks in Building Construction

Another aspect that is extremely important to take into consideration during the
production of building materials is the environmental impact. The construction industry
is increasingly alarmed by the significant amount of carbon emissions that are released
into the Earth’s atmosphere during the production of construction materials, particularly
for those materials that require the use of extreme temperatures during refinement or
extraction. This concern has been further intensified by the growing awareness of the
impacts of climate change around the world.

Unfired bricks can be more environmentally beneficial than fired bricks because they
do not require the high temperatures and energy consumption involved in firing, which can
result in significant greenhouse gas emissions and air pollution. Additionally, unfired bricks
can use locally available and low-cost materials, such as clay, sand, and straw, which can
reduce the environmental impacts associated with transportation and resource extraction.

There are several approaches available for measuring the environmental impact of
construction materials. One notable approach is the life cycle analysis (LCA), which serves
as a valuable approach for assessing the environmental consequences of a product through
its life cycle. This encompasses activities ranging from the raw material extraction and
processing to manufacturing, distribution, utilization, recycling, and final disposal [102].

The life cycle assessment of bricks is becoming an essential methodology for under-
standing its environmental impact during different stages of production. It was found
that the production of bricks through burning is responsible for most of the emissions,
which are notably intensive. The combustion of fuels during the burning of bricks leads to
considerable CO, emissions, which have a significant impact on triggering environmental
hazards. In this context, only a few studies have been caried out to assess the environmental
impact of unfired earth brick production using life cycle analyses, specifically focusing
on evaluating and comparing the CO, emissions associated with unfired earth bricks and
fired earth bricks [74,103-105]. We can cite the investigation of Youssef et al. [106], which
revealed that unfired earth bricks can effectively reduce CO; emissions by up to 55% in
comparison to traditional fired bricks.
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5. Effectiveness of Waste Material on Improving Thermal Performance of Unfired
Earth Bricks

Enhancing energy efficiency has been identified as a crucial factor for the success of
sustainable building design, according to multiple research studies. Improving a building’s
thermal performance leads to a decrease in energy consumption and a reduction in energy
production costs.

The objective of this section mainly focuses on evaluating the effect of incorporating
various types of waste on the thermal performance of unfired earth bricks.

5.1. The Impact of Agricultural Wastes on the Thermal Conductivity of Unfired Earth Bricks

Ashour et al. [27] investigated the thermal conductivity of unfired earth bricks com-
posed of earth, gypsum, cement, and straw. Two types of fiber, namely wheat and barley
straw, were employed with various mixing ratios.

The results revealed a reduction in thermal conductivity for all tested variants as fiber
content increased; conversely, a higher level of cement and gypsum content resulted in an
increase in thermal conductivity.

The results indicate that the increase of the wheat straw fiber content in earth brick from
0% to 3% led to a remarkable decrease in thermal conductivity by 54.4% when compared
to unfired earth bricks without any reinforcement fibers. Additionally, the increase of
barley straw fiber content from 0% to 3% led to a reduction in thermal conductivity by 53%
compared to bricks without any reinforcement fibers, with extremely satisfying results.

Finally, increasing the gypsum percentage from 0% to 10% resulted in an increase in
the thermal conductivity, ranging from 0% to 48.7%, when compared to bricks without
gypsum and containing 3% wheat reinforcement fibers. Barley straw fibers exhibited an
increase in thermal conductivity ranging from 0% to 51.6% when gypsum percentages were
raised from 0% to 10%, while maintaining the same fiber content.

The integration of plant aggregates in unfired clay bricks was explored in a study
carried out by Laborel-Préneron et al. [107]. The hygrothermal characteristics of seven
formulations consisting of earth with different weight percentages of corn cob, barley straw,
and hemp shiv, ranging from 0 to 6%, were evaluated. The study revealed a considerable
decrease in thermal conductivity with the incorporation of a large amount of plant aggre-
gates, whereas the incorporation of plant aggregates had the opposite effect on the thermal
inertia parameters.

The earth specimens prepared without the inclusion of any plant aggregate had a
thermal conductivity of 0.57 W.m~1.K~!. However, in the case of specimens that incor-
porate plant aggregates, the thermal conductivity values varied from 0.14 W.m~1.K~!
for the specimen that contained six percent of barely straw (S6) to 0.35 W.m 1. K~! for
the specimens that contained three percent of corn cob (CC3). These results demonstrate
that the incorporation of plant aggregates in an earth matrix results in a decrease in the
material’s thermal conductivity. Among the plant aggregates considered, straw appears to
be the most effective in enhancing the thermal insulation of the material. When six percent
of straw was added, the thermal conductivity decreased by 75% compared to an earth
specimen, while the decrease was only 55% when six percent of corn cob was added.

In their research, Khoudja et al. [25] investigated a composite material that consists of
stabilized unfired earth bricks using lime which are mixed with date palm waste (DPW)
aggregates. The study aimed to explore the impact of different weight percentages (ranging
from 0 to 10%) of waste materials on the thermal characteristics of the obtained bricks. The
thermal conductivity assessment confirmed the material’s thermal insulation performance.

The obtained results revealed a quasi-linear reduction in the thermal conductivity of
the composites as the date palm waste (DPW) content increased. This reduction led to
an improvement of the thermal insulation properties, estimated at 49% for an adobe sam-
ple containing 10% DPW. The thermal conductivity of this sample was 0.342 W/m.K,
which is lower than that of adobe without date palm waste (control sample), which
measured 0.677 W/m.K.
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The performance of earth bricks incorporating two types of straw were evaluated by
Giroudon et al. [108]. The straw additions were made at mass ratios of three percent and
six percent. One type of straw examined was barley straw, which belongs to the group of
cereal straws and has been widely investigated for similar applications. The other type
was lavender straw, a non-recovered by-product that had not been previously studied for
its potential in earth brick production. Tests were conducted on three specimens for each
mixture to investigate their effect on thermal conductivity.

The results demonstrate that the integration of straw leads to a decrease in thermal
conductivity; this implies that as the amount of straw increases, the material becomes more
effective at insulating heat. At a constant mass dosage, it has been observed that barley
straw provides better thermal insulation compared to lavender straw. This distinction can
be attributed to the microstructures of the two types of straw. Lavender straw demonstrates
a denser structure, in contrast to the greater porosity found in barely straw.

In study conducted by Laborel-Préneron et al. [109], the correlation between thermal
conductivity and bulk density of raw earth matrix materials that incorporate plant aggre-
gates have been highlighted. As the material’s density increases, its insulation properties
also improve.

Olacia et al. [110] are investigating the potential of utilizing Mediterranean seagrass
Posidonia oceanica as a reinforcing material in adobe bricks. In this study, they conducted
a comparative analysis between earthen specimens containing these sea-plant fibers with
adobes incorporating the conventional additives, i.e., straw. Both types of biomass fibers
were used in varying quantities and lengths. The thermal properties of this new sustainable
material were examined.

The analysis of the thermal performance of the earthen specimens revealed that an in-
crease in the quantity of biomass fiber, particularly with higher lengths, leads to a reduction
in the density. Consequently, this generally leads to a decrease in the thermal conductivity,
thereby improving the thermal performance of the examined materials. Due to the lighter
nature of straw fibers compared to seagrass, the density of the adobe specimen tends to
be lower, resulting in improved thermal insulated properties. The results demonstrate
an enhancement in thermal conductivity ranging from 2% to 24% when a higher ratio of
straw fibers is incorporated into adobe bricks compared to unreinforced specimens. In the
case of adobe bricks reinforced with seagrass, an improvement from 3% to 19% is reached.
When comparing the ratio and the lengths of the reinforcing fibers, it is generally found
that thermal conductivity enhances as longer fiber lengths and higher percentages of fibers
are incorporated in adobe samples.

The review of several research papers leads to the clear conclusion that the thermal
efficiency of unfired earth bricks is improved through the incorporation of agricultural
waste materials.

The analysis of all studies reviewed in the literature consistently demonstrates a
decrease in the thermal conductivity value with the addition of agricultural wastes [5].

The unfired earth bricks reinforced with barley straw fibers showed the lowest thermal
conductivity value (0.14 W/m.K), while samples reinforced with date palm fiber recorded
higher conductivity values (0.342 W/m K).

5.2. Examining the Impact of Industrial Wastes on the Thermal Conductivity of Unfired
Earth Bricks

There has been limited research conducted on the effects of incorporating industrial
waste materials on the thermal characteristics of unfired clay bricks. The results obtained
from some selected articles will be discussed in this section.

Limami et al. [68] examined the impact of the incorporation of plastic wastes on
the thermal performance of unfired earth bricks. Two types of plastic wastes, namely
high-density polyethylene and polyethylene terephthalate, were incorporated into the
earth clay with different proportions, including 0%, 1%, 3%, 7%, 15%, and 20%, and using
three different grain sizes. The study evaluated the thermal conductivity of the various
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prepared samples. The results demonstrated that as the proportion and grain size of the
additives increase, the thermal conductivity of the prepared samples decreases. In the case
of unfired earth bricks incorporating HDPE, the sample with the lowest additive proportion
(1%) and smallest grain size (6 < 1 mm) recorded the highest thermal conductivity value
(0.46 W/m.K), resulting in a gain of 4%, while the specimen with the highest additive
percentage (20%) and biggest grain size (3 mm < § < 6 mm) exhibited the smallest thermal
conductivity value (0.20 W/m.K), with a gain of 10%. Similarly, in the case of unfired earth
bricks incorporating polyethylene terephthalate (PET), the highest thermal conductivity
value (0.43 W/m.K) was achieved with a significant gain of 58% when using the lowest
additive percentage and grain size, specifically 1% and 6 < 1 mm, respectively. Conversely,
the smallest thermal conductivity value (0.18 W/m.K) with a gain percentage of 63% was
observed when using the highest polyethylene terephthalate additive content with the
largest grain size, specifically 20% and 3 mm < § < 6 mm, respectively. This implies
that incorporating a bigger grain size and higher content of plastic wastes, HDPE and
PET, leads to specimens with lower thermal conductivity. Consequently, this improves
the thermal properties of the samples and results in a substantial gain in the thermal
conductivity percentage.

Gandia et al. [76] studied the utilization of glass fiber-reinforced polymer (GFRP)
waste in adobe manufacturing and evaluated the impact of the incorporation of GFRP
waste on the thermal, mechanical, and physical properties of adobe. The mass fraction
of GFRP waste incorporated into adobe varies from 0 to 10%. The results demonstrated
that the incorporation of the GFRP waste led to a reduction in the thermal conductivity
of the adobe. The incorporation of 10% GFRP waste showed the best results, leading to a
significant reduction of 1.1 C and consequently improving its thermal comfort in a house.

Muriioz et al. [79] assessed the technological feasibility of using paper and pulp industry
residues (PPR) for adobe reinforcement. Multiple series have been produced by varying
the PPR waste percentage, reaching up to 20%. Furthermore, the technological properties
of samples were evaluated, revealing that the inclusion of PPR resulted in the production
of lighter adobes with reduced thermal conductivity and enhanced compressive strength.

The thermal conductivity measurement was conducted using the transient plane
source (TPS) method. The results demonstrate a linear reduction in the thermal conductivity
of adobes when PPR fibers are incorporated, in comparison with that of the control sample
(without fibers), which has a thermal conductivity value of 0.861 W.m~!.K!. The decrease
of thermal conductivity has been evaluated in various samples of adobes. In this study,
the incorporation of 15% PPR fibers leads to a significant reduction of 30% in the thermal
conductivity. The main factor contributing to this reduction is the additional thermal
resistance provided by the addition of PPR fibers. The presence of gases within the interface
between soil and PPR fibers creates a convective phase that contributes to the reduction in
the overall thermal conductivity of the brick. Furthermore, the lower thermal conductivity
of PPR also contributes to this decrease.

In all instances examined in the studies, the incorporation of waste materials into
unfired earth bricks resulted in improved thermal performance by lowering thermal con-
ductivity values.

According to Schroeder [111], the thermal conductivity values for earth-building
materials varied between 0.10 W/m.K and 1.40 W/m. K, corresponding to material densities
ranging from 300 kg/m? to 2.200 kg/m3. Based on the reviewed studies, it was observed
that the addition of agro-wastes in unfired earth bricks resulted in a decrease in the thermal
conductivity value, which ranged from 0.14 to 1 W/m.K. These findings align with the
results reported by Schroeder [111].

Table 4 provides a comparative analysis, based on the existing literature, of the thermal
conductivity of unfired earth bricks without additives and the thermal conductivity of
unfired earth bricks incorporating waste materials at their optimal fiber content. Table 4
provides a summary of these values for easy reference and analysis.
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Table 4. Thermal conductivity of unfired earth bricks incorporating waste materials.

Thermal Conductivity (W.m~1.K~1)
Decrease in Thermal

Waste Used Without At Optimum Fiber Conductivity (%)
Additives Content (%)
Straw fiber [112] 0.3825 0.320 15.79
Hemp fiber [112] 0.3825 0.329 13.76
Glass fiber [76] 0.86 0.68 20.93
Straw [27] 0.961 0.31 67.74
Date palm [25] 0.677 0.342 49.48
Barley straw [103] 0.57 0.14 75
Corn cob [103] 0.57 0.256 55
Barely straw [108] 0.471 0.155 67.09
Lavender straw [108] 0.471 0.289 38.64
HDPE and PET waste plastics [68] 0.48 0.2 58.33
Sawdust [87] 0.44 0.23 47.73
Straw [87] 0.44 0.20 54.55

6. Assessing the Potential of Waste Material in Improving the Mechanical Properties
of Unfired Earth Bricks

In the literature, several research studies are dedicated to evaluating the performance
of earthen bricks that integrate waste materials, including agricultural and industrial wastes.
These studies primarily focus on evaluating various mechanical properties, including
compressive and flexural strength.

This section aims to evaluate the impact of incorporating two types of waste on the
mechanical properties of unfired earth bricks.

6.1. The Impact of Agricultural Wastes on the Compressive and Flexural Strength of Unfired
Earth Bricks

Several studies have investigated the utilization of sugarcane bagasse ash as a reinforc-
ing material incorporated into earthen brick composition, primarily due to its SiO, content,
which serves as a binding agent when subjected to firing processes. However, despite the
high cellulose content of the material that enhances its strength, the investigation of sugar-
cane bagasse fibers is not commonly conducted. Moreover, SBF is a relatively cost-effective
and abundant resource in Indonesia in the form of waste [112]. The incorporation of SBFs
(sugarcane bagasse fibers) into unfired earth bricks resulted in enhanced compressive
strength, particularly when the SBFs were cut to an optimum length measuring 15 mm and
made up five percent of the overall clay mixture. The compressive strength values typically
varied between 1.82 MPa and 3.98 MPa [82].

Niyomukiza et al. [6] investigated the effectiveness of palm seeds and palm fronds in
improving the properties of unfired earth bricks. Additionally, there is potential for the
utilization of blended binders in the production of unfired earth bricks. The inclusion of
both palm seeds and palm fronds led to an enhancement of the strength characteristics
of the unfired earth bricks, effectively binding the soil particles together. In this context,
a total of seven samples containing different proportions of palm fronds and palm seeds
were prepared. The compressive strength of brick samples varied between 2.03 N/mm?
to 4.23 N/mm?, depending on the percentage of palm seeds and palm fronds used. After
14 days of a curing period, sample 6 of unfired earth brick contained a concentration of
25% palm fronds and 10% palm seeds, exhibiting an average compressive strength of
4.23 N/mm?, the highest among all samples. This could be attributed to the optimal condi-
tions reached during the curing process. However, beyond this concentration, compressive
strength is compromised. For instance, sample 7, which included a concentration of 40%
palm fronds and 25% palm seeds, exhibited a lower compressive strength of 3.47 N/mm?
compared to sample 6. This indicates that a significant increase in the concentration of palm
seeds and palm fronds led to a decrease in the compressive strength of the unfired earth
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bricks. In the case of the unfired earth bricks incorporating only palm seed concentrations,
sample 2, with a concentration of 50%, showed a notably higher compressive strength,
measuring 3.21 N/mm?, when compared to sample 3, with a concentration of 40% and a
recorded compressive strength of 2.03 N/mm?. This indicated that the reduction of the
concentration of palm seeds decreases the compressive strength of unfired earth bricks.

Limami et al. [23] evaluated the physicochemical and mechanical properties of unfired
earth bricks incorporating Typha fibers as additives. These additives were included at
different weight proportions (0%, 1%, 3%, 7%, 15%, and 20%), and the bricks were prepared
with an optimal moisture content of 17%. The compressive strength analysis was conducted
to evaluate the mechanical performance of the produced brick samples. Specimens with a
higher content of Typha fibers exhibited a reduction in compressive strength properties.
The highest recorded compressive strength value was 5.95 MPa, which was achieved by
incorporating a 1% Typha additive. In contrast, the lowest compressive strength value
of 3.67 MPa was observed at the 20% additive percentage, indicating a significant reduc-
tion of 36% in compressive strength compared to the control samples. The reduction in
compressive strength can be attributed to the formation of multiple pores resulting from
the higher additive content incorporated. Furthermore, the decrease in strength can be
attributed to the lower silica content in the brick matrix caused by the inclusion of Typha
fiber additives. This leads to the weakening of the crystalline mineral structure and a
consequent reduction in the mechanical threshold of the sample. Based on these results,
it can be concluded that the inclusion of higher amounts of Typha fiber additives led to
the production of high-performing brick samples. These samples successfully meet the
standards specified by both the Moroccan and international testing protocols. Moreover,
they exhibited more porous and lightweight structure, reduced compressive strength, and
a higher water absorption ratio.

Masuka et al. [12] investigated the improvement of the mechanical strength and water
resistance properties of low-cost unfired earth bricks (UEBs). These UEBs were stabilized
using different ratios of lime (L), coal fly ash (F), and wood aggregates (W), specifically L4%-
F16%-W1.5%, L4%-F16%-W3%, L8%-F12%-W3%, and L10%-F10%-W1.5%. The engineering
properties of the unfired earth bricks produced were compared to those of unstabilized
(sample control) and unfired earth bricks stabilized with 10% cement. The variation of
the lime—fly ash ratio had a significant impact on the dry compressive strength, resulting
in a substantial enhancement according to a curvilinear power function. At a mix ratio
of 1:1, the maximum strength reached was 8.3 MPa. However, UEBs showed low wet
strength. Nevertheless, the addition of four percent cement resulted in a significant increase
(p < 0.001) in the wet compressive strength of UEBs, reaching 0.94 MPa. UEBs that were
stabilized with 10% coal ash, 10% lime, 1.5% wood aggregates, and 4% cement (F10%-L10%-
W1.5%-C4%) displayed a water absorption rate of 15.8%, which was similar to that of UEBs
stabilized with 10% cement. Moreover, unfired earth bricks reinforced a composition of
L10%-F10%-W1.5%-C4% complied with the technical specifications set by British Standards
for low-density clay masonry units [113]. Notably, these bricks were 50% more cost-effective
compared to cement-stabilized bricks, highlighting the low cost of the UEBs. Two of the
four unfired earth bricks (UEBs) investigated met the requirement of British Standards for
unfired clay masonry units in terms of their dry compressive strength. The dry compressive
strength of unfired earth bricks stabilized with F10%-L10%-W1.5% (8.3 MPa) exhibited a
significant increase (p < 0.001) compared to that of 10% cement-stabilized unfired bricks
(7 MPa).

Costi de Castrillo et al. [87] carried out a study to examine the impacts of fiber type
(straw or sawdust), fiber quantity, and the manufacturing methodology on the mechanical
properties of conventional adobe bricks. Various adobes were manufactured in the labo-
ratory with sawdust or straw volume ranging from 30% to 70%. The physico-mechanical
properties of the adobe bricks were evaluated by comparing them with values documented
in the international literature and standard documents.
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The experimental findings clearly indicate that, in general, the adobe produced in
the laboratory exhibit enhanced physico-mechanical properties when compared to the
reference adobes obtained from a contemporary Cypriot producer or reproduced in the
laboratory using pre-mixed raw materials provided by the same producer.

Specifically, the incorporation of different quantities of sawdust into adobe bricks
has resulted in the notable enhancement of the compressive and flexural strength. Based
on the results presented, it can be concluded that utilizing smaller fibers (i.e., sawdust)
results in a higher value of flexural strength compared to using longer fibers (i.e., straw).
The above-mentioned results can be attributed to the improved flexibility of smaller-sized
fibers, which offer particular advantages in low-fiber compositions. In such cases, the
fibers are distributed more uniformly inside the material’s core and enhance cohesion with
the soil, thus effectively minimizing shrinkage cracks and gaps in the final product. It
is important to highlight that the adobes manufactured in the laboratory with the same
soil and fiber type/content (i.e., 30—40% v /v straw) as the reference adobes displayed a
notable enhancement of their physico-mechanical properties. This statement implies that
it is crucial to handle the process of mixing, casting, and drying with great care. It also
suggests that even soils with inferior properties have the potential to be utilized in the
production of adobe bricks that have a good quality.

The majority of the adobe bricks manufactured in this study meet the minimum re-
quirement for compressive and flexural strength set by international standards, confirming
their suitability for structural applications. Specifically, the utilization of sawdust has
resulted in adobe bricks exhibiting a normalized compressive strength surpassing 4 MPa,
along with flexural strength that exceeds 2 MPa. This fine nature of sawdust fiber enables it
to mix homogenously with the soil matrix, leading to a strong interaction between the fiber
and the silty clay loam soil utilized in the production of the adobes under investigation.
Increasing the fiber content of all adobe bricks produced in the laboratory resulted in a
reduction in their thermal conductivity, bulk density, and flexural and compressive strength.
When sawdust fibers were incorporated into adobe bricks, a noticeable enhancement in
capillary absorption was observed with the increase in fiber content. This observation
contrasted with the behavior observed in adobe bricks incorporating straw fibers.

The study conducted by Jannat et al. [114] explored the potential use of different
agricultural wastes, including sawdust powder (SDP), eggshell powder (ESP), and coconut
husk powder (CHP), in the manufacturing of unfired earth blocks. Samples were prepared
using different proportions of agricultural wastes ranging from 10 to 50% of the dry
weight of clay for ESP and from 2.5 to 10% for SDP and CHP. The study examined a
range of physico-mechanical properties, including linear shrinkage, density, capillary water
absorption, and compressive and flexural strength. The testing process consisted of two
phases. The initial phase involved incorporating the waste materials individually into the
mixture, while the second phase combined ESP (10-30%) with the optimal proportions of
SDP (2.5%) and CHP (2.5%). Based on the test results, it was observed that the sample with
40% ESP performed the best when used as an individual additive, while the SDP and CHP
2.5% content also showed improved performance. However, when ESP, SDP, and CHP
were used together, the overall characteristics of the sample deteriorated.

Regarding the mechanical properties, all the samples integrating waste materials met
the minimum requirements of compressive strength (ranging from 1 MPa to 2.80 MPa)
and flexural strength (ranging from 0.25 MPa to 0.50 MPa) specified by the standards after
28 days. Samples incorporating eggshell powder exhibited higher values of compressive
and flexural strength (FS: 2.24 MPa, CS: 5.68 MPa) when compared to SDP (FS: 2 MPa, CS:
4.74 MPa) and CHP (FS: 2.14 MPa, CS: 4.78 MPa) samples. Nevertheless, the combination
of ESP with SDP and CHP led to a reduction in strength.

The results of this study revealed that ESP, SDP, and CHP show promise in evaluating
their suitability for the production of unfired clay blocks. These additives improved the
overall properties of the sample, and all the samples met the strength requirement set by
the standards and successfully passed the durability tests.
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Muntohar et al. [115] conducted a study investigating the incorporation of lime and
rice husk into compressed stabilized earth. This study consists of various tests, including
compressive and three-point flexural strength tests, as well as assessing compressive
strength after water submersion. The obtained results indicate the potential for utilizing
blended binders for the making of unfired earth bricks. The investigation results show that
the inclusion of sand in the mixture enhance the compressive and flexural strength of clay
bricks, while the inclusion of lime and RHA further improves their strength performance.
In this study, the highest strength was achieved with the optimum ratio of lime and
RHA at 1:1. By incorporating the lime and RHA mixture ratio, the compressed stabilized
earth demonstrated reduced water absorption and met the requirement of the Indonesian
Standard SNI 15-2094-2000 for brick production [116]. Overall, the compressive strength
of the specimens remained at 62-95% of the normal (dry) compressive strength even after
being submerged in water.

6.2. Effect of Industrial Wastes on the Compressive and Flexural Strength of Unfired Earth Bricks

Donkor et al. [37] conducted an assessment to determine the feasibility of enhanc-
ing the strength and deformability of compressed earth blocks (CEBs) by incorporating
polypropylene fibers while meeting or exceeding the minimum requirement specified in
relevant codes. CEBs were manufactured using varying weight fractions of fibers (0.2, 0.4,
0.6,0.8, and 1.0) and their compression and bending were evaluated. The inclusion of fibers
resulted in enhanced performance in terms of bending and ductility. The amount of fibers
present in the blocks was observed to impact their strength, post-crack response, and their
deformability. The average compressive strength of the control sample (unreinforced con-
trol samples) was measured to be 4.19 MPa. On the other hand, the reinforced blocks with
0.2%, 0.4%, and 0.6% polypropylene fibers exhibited average compressive strengths that
were respectively 10%, 22.5%, and 3.0% higher compared to the unreinforced blocks. The
additional 0.8% and 1.0% polypropylene fibers led to a reduction in compressive strength
of the blocks by 1.6% and 11.5%, respectively, when compared to the unreinforced blocks.
As the fiber fraction increased up to a weight proportion of 0.6%, there was a noticeable
enhancement in strength when compared to the unreinforced earth bricks (CEBs). The
addition of the fiber content of 0.4% led to a significant improvement in both compressive
strength, which increased by 22.5%, and three-point bending strength, which improved by
22.0%. However, when the weight fraction of fibers surpassed 0.6%, the mixing process
became more difficult, and the strength started to decrease. Consequently, it is advised
not to surpass a polypropylene fiber weight content of 0.6% when producing compressed
earth blocks. The optimal range for adding polypropylene fibers to compressed earth block
matrices lies near 0.4%.

According to the results obtained from this study, the use of polypropylene fibers is
considered a viable choice for CEB production. These fibers, when used at an appropriate
dosage, have the potential to improve the ductility, strength, and deformability of soil-
cement matrices used for compressed earth block manufacturing.

Lahdili et al. [33] conducted a study to examine the impact of coal aggregates (CAs) in
compressed earth bricks (CEBs) with the aim of reducing the footprint of the coal industry.
For this purpose, CEBs were prepared by incorporating different percentages of CAs (10%,
15%, and 20% by weight). Initially, an analysis was conducted on three different soils in
the region of Marrakesh, Morocco, to examine their chemical composition and thermo-
mechanical behavior. Subsequently, the selected soil was reinforced with CAs and lime,
and the resulting mixture was compressed in a Brava machine to produce unfired earth
bricks (CEBs).

The incorporation of coal aggregates into the chosen soil has led to a notable reduction
in the specific weight of the CEBs. Specifically, CEBs produced with an optimal value of
15 wt% of coal aggregates are 11% lighter compared to the referenced bricks. However, it
was observed that the compressive strength of CEBs decreased with the inclusion of coal
aggregates. Consequently, to ensure compliance with international standards regarding the
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compressive strength of CEBs, it is recommended to limit the addition of CAs to not more
than 15%, even when lime is included.

In their study, Sufian et al. [61] examine the utilization of waste marble powder as an
additive in brick manufacturing, aiming to enhance the natural environment through the
recycling of this waste material.

Various proportions of marble powder ranging from 5% to 30% were examined as a
partial substitute for clay. A total of 105 samples were produced to evaluate the performance
of the prepared marble clay bricks. Key aspects assessed included bulk density, water
absorption, apparent porosity, and compressive strength. The obtained bricks exhibited
a weight reduction of 1.3% to 19.9% compared to conventional bricks. Additionally, the
bricks incorporating 5% to 20% of marble powder as an additive demonstrated satisfactory
compressive strength values in accordance with international standards. As the content
of marble powder increased, the compressive strength and bulk density of the bricks was
reduced, whereas their porosity and water absorption capacity were improved. The em-
pirical equations derived from the study exhibited good agreement with the experimental
results. Incorporating waste marble powder in construction masonry not only leads to cost
reduction but also reduces the risks of soil erosion and water contamination.

Kasinikota et al. [11] investigated the mechanical properties of compressed earth bricks
that integrate crushed brick waste as a substitute for both soil-sand mixtures and sand. The
addition of up to 24% crushed brick waste enhances the compressive and flexural strengths
(wet—dry). Furthermore, the strengths exhibited further improvement after undergoing
wetting—drying cycles and sulfate exposure, which can be attributed to the formation of
additional compounds. Although the mass loss after wetting—drying cycles remained with
acceptable limits, it demonstrated an increase with the rising percentage of crushed brick
waste. While a mass gain was observed when exposed to a sulfate medium, the control
sample exhibited the highest mass gain. The block incorporating 24% of crushed brick
waste demonstrated the highest mechanical strength.

Jaramillo-Pérez et al. [117] investigated the use of gypsum mining wastes and lime as
stabilization materials to enhance the engineering properties of compressed earth blocks.
The research focused on evaluating the hardened properties, including water absorption
and compressive and flexural strength. The results revealed that the addition of mining
waste led to increased strength. Twenty-five percent of mining waste resulted in the
highest resistance against softening in water. Moreover, the drying shrinkage decreased
as the mining waste content increased. However, the dry unit weight did not meet the
recommended standards. The results of this study demonstrate that gypsum mining wastes
can be employed as alternative materials for stabilizing compressed earth blocks.

Gandia et al. [76] explored the application of fiber-reinforced polymer (GFRP) waste
in adobe brick manufacturing. They produced different compositions with mass residues
ranging from 0% to 10% and subjected them to comprehensive physical, thermal, and
mechanical tests.

The utilization of the GFRP waste led to a reduction in both the bulk density and the
linear shrinkage of adobe bricks. Moreover, when adobe was exposed to water through
capillarity action or submersion, the addition of the GFRP waste significantly reduced
the mass loss. Furthermore, an increase in the residue concentration resulted in a notable
improvement in the compressive strength. Notably, the addition of 10% GFRP waste yielded
the most favorable results compared to adobe brick without any additives, demonstrating
a compressive strength increase of 45%. This increase can be attributed to the presence of
reinforcement, structuring, and strong cohesion observed between the residue and the clay
particles, as identified in the microstructural analysis. This correlation is confirmed by the
results of water absorption and linear shrinkage tests. The incorporation of GFRP residue
in adobe bricks leads to an enhanced structuring due to the fiber reinforcement, resulting
in an increased resistance to compression.

In their study, Huy et al. [80] explored the use of bottom ash and raw rice husk as
fine aggregates in the manufacturing of eco-friendly unfired bricks. Specifically, rice husk
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was employed to substitute 0%, 3%, 6%, and 9% of bottom ash weight content. Two group
mixtures were formulated, each with a water-to-binder (W /B) ratio of 0.30 and 0.35.

An experimental program was conducted on brick samples at various periods from
3 days to 28 days to examine the impact of bottom ash and rice husk content as well as
water-to-binder (W/B) ratios on the mechanical and physical properties of bricks. These
properties including compressive strength, water absorption, and unit weight. The brick
samples with a water-to-binder (W/B) ratio of 0.3 exhibited a higher compressive strength
compared to those with a W/B ratio of 0.35. This difference can be attributed to the impact
of the W/B ratio on the development of strength in cement hydration products. The range
of compressive strength values of M30 bricks was 4.22 to 9.62 MPa, while that of M35 bricks
ranged from 3.42 to 5.75 MPa. As the rice husk content increases, there is a reduction in the
compressive strength of bricks.

Nevertheless, the compressive strength value of unfired bricks remains above 5.0 MPa
(referred to as Grade M5.0) when three percent bottom ash is replaced by rice husk. Even
with an increase in the rice husk proportion to six percent and nine percent, the compressive
strength of bricks still exceeds 3.42 MPa, which could be categorized as Grade M3.5.
This finding demonstrated that rice husk can be effectively used as a fine aggregate in
the manufacturing of unfired earth bricks, particularly when lightweight characteristics
are required.

In their research, Villamizar et al. [92] explored the effect of incorporating coal ash and
cassava peels on the engineering properties of compressed earth bricks (CEBs). The study
examines the hardened properties of the material, which include water absorption and
compressive and flexural strengths.

Different tests were conducted to evaluate the flexural strength, compressive strength,
and absorption performance of the samples. The results indicate that the best performance
in terms of compressive and bending tests was achieved by the compressed earth bricks
incorporating coal ash at a dosage of less than or equal to five percent. However, doses
exceeding five percent result in compressed earth bricks that are more flexible and fragile.
Furthermore, the addition of cassava peels to the clayed soil raises the necessary water
content for extrusion, leading to an increase in the apparent plasticity.

At the University of Yaoundé I in Cameroon, a research study led by Medjo Eko
et al. [77] was conducted to investigate the mechanical properties of unfired earth bricks
incorporating salvaged steel fibers from used tires. Initially, tests were conducted to
determine tensile strength using a six percent cement-to-soil ratio. This step aimed to assess
the critical fiber length and the optimal fiber content. Subsequently, mechanical properties
including unconfined flexural, compressive, and tensile strength were assessed afterward
using different cement soil ratios with optimal fiber length and content. The obtained results
indicated a satisfactory bond between the recycled steel fibers and soil-cement mixture.

Based on the recorded data of tensile strength, it was determined that the critical
fiber length measured 35 mm, while the optimum fiber content was determined to be two
percent by volume. Furthermore, it was noted that mechanical properties assessed over
time remained unchanged in the presence of optimal fiber content, even with its random
distribution. Based on the analysis of experimental results, it can be concluded that the ad-
dition of steel fibers functions as a spring, aiding the masonry unit in absorbing substantial
plastic energy and withstanding substantial deformation without complete disintegration.

Table 5 provides a literature-based summary of the mechanical properties of unfired
earth bricks incorporating waste materials.
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Table 5. Mechanical proprieties of unfired earth bricks incorporating waste materials.

Compressive Strength (MPa)

Flexural Strength (MPa)

cassava peels [92]

Optimum : - . -
Waste Used . Without At the Optimum Without At the Optimum
Fiber Content .. . ore .
Additives Fiber Content Additives Fiber Content
10%PS
Palm seeds and palm fronds [6] 259%PF 3.3 4.23 I
Glass fiber-reinforced polymer 10% 141 205
waste [76]
Millet [26] 2% 4.69 6.5 0.125 0.17
Calcium carbide residue and rice o
Husk ash [70] 8% CCR 1.9 34 — S
Ceramic waste [72] 75% 154 33.6 — —
Waste marble dust (WMD) and o o
Polypropylene fiber (PF) [73] 10% M + 0.5% PF 1.09 3.47 0.84 1.34
Bagasse, coconut, o
and oil palm [49] 0.5C% L7 3
Banana fibers [85] 0.35% 3.33 5.92 0.49 0.95
Sawdust [86] 3% 8.75 7.69 S —
Sawdust [87] 11.9% 244 7.32 0.44 2.99 3.6%
Straw [87] 7.8% 244 4.64 0.44 2.03
Coal ash and 5% CA 1.93 3.37 0.68 1.09

7. Effects of Waste Materials on the Physical Properties of Unfired Earth Blocks

Bulk density, porosity, water absorption, and linear and drying shrinkage are the
most frequently studied physical properties that significantly impact the quality of unfired
earth bricks.

7.1. Effects of Waste Addition on the Density and Porosity of Unfired Earth Bricks

The density of the unfired earth bricks varied depending on the type of earth material
and waste materials used in their manufacturing processes. In general, integrating fibers
into the soil during the production of unfired earth bricks resulted in a reduction in the
bulk density of the reinforced soil specimens. This is because fibers possess a lower density
than soil, aiding in the decrease of the overall density of the reinforced soil.

Ashour et al. [27] examined the density of unfired earth bricks made from a mixture
of earth, cement, and gypsum, which were reinforced with varying ratios of natural fibers
from wheat and barley straw. The results reveal a relationship between the fiber content
and the density of unfired earth bricks, indicating that the dry density decreases with an
increase in the quantity of fibers. It was observed that the densities of bricks reinforced
with wheat straw were higher than those reinforced with barley straw. This distinction
could be attributed to wheat straw containing more solid material and lignin compared
to barley straw. Generally, the increase in fiber content in the mixtures led to a decrease
in specimen weights. The replacement of dense materials like soil cement or soil gypsum
with light materials such as wheat or barley straw fibers resulted in an overall volume
increase even after compaction. Consequently, this led to a decrease in specimen weights
and densities.

In the study conducted by Sujatha et al. [118], the inclusion of polypropylene fiber
resulted in a significant reduction in the bulk density of soil blocks. This reduction can be
attributed to the lightweight nature of the polypropylene fiber.

According to Danso et al. [49], the incorporation of coconut husk, sugarcane bagasse,
and oil palm fruit fibers in unfired earth bricks resulted in a reduction in density due to
the waste materials possessing a lower density (ranging from 810 kg/m? to 500 kg/m?)
compared to the soil density (1780 kg/m?>). Consequently, as the fiber content increased, it
led to a decrease in the density of the samples, replacing the heavier soil components.
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According to the study conducted by Limami et al. [23], which aimed to evaluate the
physical properties of unfired clay bricks incorporating Typha fiber, there was a decrease
in bulk density with higher Typha content in the brick samples’ matrix. This decrease can
be attributed to the higher recorded porosity observed in specimens with higher Typha
content, which leads to the formation of multiple voids within the brick samples’ structure,
ultimately reducing the measured bulk density.

Porosity is considered an important parameter for assessing the durability and thermal
performance of unfired earth brick specimens. Consequently, the porosity significantly
impacts the performance and application of these brick specimens. The number of studies
in the bibliography that explore the influence of waste incorporation on the porosity of
unfired earth bricks is limited.

We can cite the study conducted by Limami et al. [23], which evaluated the physical
properties of unfired clay bricks with Typha fiber-based additives at various proportions
(0%, 1%, 3%, 7%, 15%, and 20%) by weight. The main results of the experimental procedures
indicated that the inclusion of higher proportions of Typha fiber additives resulted in an
increase in the porosity percentage of the specimens and led to the production of more
porous brick samples. This phenomenon can be attributed to the formation of Typha fiber-
clay flocculants during the preparation process, which created interlayer spacing within
the bricks” matrix.

Additionally, there was a proportional relationship between the porosity level of the
brick samples and the capillary water absorption coefficient. Bricks with higher Typha fiber
content displayed increased porosity and higher water absorption properties.

7.2. Effects of Waste Addition on the Water Absorption of Unfired Earth Bricks

The water absorption coefficient is an important property of unfired earth bricks, as it
affects the durability of brick samples. It measures the open porosity and the quality of
bricks, as well as their resistance to weathering [119]. A notable correlation exists between
water absorption and the strength of bricks: as water absorption decreases, the strength of
the bricks tends to increase. Therefore, the capillary water absorption coefficient should be
as low as possible.

Ttirkmen et al. [8] investigated the effect of gypsum and Elazig Ferrochrome slag (EFS)
additives on the physical properties of unfired earth brick. Four different samples were
produced by using varying compositions of earth, gypsum, EFS, and straw fibers. The
water absorption coefficient of the prepared unfired earth brick samples was investigated.
The experimental findings showed a noticeable decrease in the capillary water absorption
with increasing time. Furthermore, it was found that there exists an inverse correlation
between the compressive strength and the capillary water absorption coefficient.

The study of Limami et al. [86] investigated the physicochemical properties of com-
pressed earth bricks with recycled wood sawdust waste additives. Multiple waste additive
proportions were utilized (0%, 1%, 3%, 7%, 15%, and 20%), by weight, at different sizes. The
results of the capillary water absorption coefficient measurement demonstrated that brick
samples with higher additive contents and larger sizes exhibited higher water absorption
rates. Specifically, the bricks containing 20% additives displayed a capillary coefficient of
63.25 g/(cm?.min"), whereas the control samples had a coefficient of 25.75 g/(cm?.min®).
Additionally, among the 20% brick samples, smaller sizes showed a water absorption of
45.17 g/ (cm?.min®), while larger sizes displayed a higher value of 63.25 g/(cm?.min®®).
The inclusion of higher additive percentages in larger-sized bricks led to the formation
of flocculants, which resulted in the creation of interlayer spacing and porous structures
within the brick matrix. These pore structures contribute to capillarity as they act as void
formations that function as capillary windows, facilitating the flow of fluid /water.

Niyomukiza et al. [6] conducted experiments to evaluate the water absorption of seven
samples of unfired clay bricks, each incorporating different percentages of palm fronds and
palm seeds. The measured water absorption values ranged from 16.1% to 100%, depending
on the proportion of palm seeds and palm fronds in each sample.
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Out of the seven samples tested, only two, namely sample 5 (comprising 80% clay
and 20% palm fronds) and sample 6 (consisting of 65% clay, 25% palm seeds, and 10%
palm fronds), showed promise for construction purposes, especially for internal non-load-
bearing walls due to their low capillarity. Sample 5 and sample 6 recorded water absorption
values of 18.1% and 16.1%, respectively. This can be attributed to the relatively lower
concentration of palm seeds and palm fronds in these unfired clay bricks, which provided
a higher amount of bonding soil particles. On the other hand, samples 1, 2, 3, 4, and
7 exhibited high capillarity, rendering them unsuitable for use in construction, particularly
for external walls, as they are highly susceptible to water damage.

Danso et al. [49] reported that as the fiber content increased, the water absorption of
the reinforced soil blocks also increased, but it showed a tendency to stabilize at higher
fiber content levels. This finding aligns with the results of Ismail and Yaacob’s study [120],
which also observed a rise in the water absorption of laterite bricks with an increase in
oil-palm empty fruit-bunch fiber content.

The rise in water absorption can be explained by the amount of water absorbed by
the cellulose present in the fibers, which in turn is influenced by the void volume and the
amount of cellulose material within the blocks.

7.3. Effects of Wastes on the Linear and Dry Shrinkage of Unfired Earth Bricks

Shrinkage control is crucial for preventing the deformation and cracking of the unfired
earth bricks. It is a physical phenomenon that is caused by the evaporation of moisture
content in the samples during the drying process. It is highly affected by the nature and
quantity of additives.

Linear shrinkage, an important parameter for earthen structures, can be determined by
comparing the initial length of a soil specimen with its length after drying. This shrinkage
is quantified as the ratio between the change in length after drying and the specimen’s
original length before drying. The inclusion of fiber results in a decrease in linear shrinkage
for fiber-reinforced unfired earth brick. The reduction in shrinkage is higher at higher fiber
contents. The results of the linear shrinkage test conducted by Gandia et al. [76] indicated
that the addition of fiber (GFRP residue) resulted in a reduction in linear shrinkage for
fiber-reinforced adobe. The reduction in linear shrinkage is attributed to the frame of
the GFRP (glass fiber reinforced polymer) residue fibers, which stabilizes the adobe and
prevent its contraction as humidity decreases.

The reduction in shrinkage is higher at higher fiber contents [76]. Due to the porous
structure, the addition of fibers to the soil resists deformation and accelerates the movement
of water through the fibers [76,118]. The reduction of linear shrinkage becomes more
significant at high lengths of fibers, as an increased fiber length ensures the formation of
adequate bond stress at the interface of soil and fiber, which prevents shrinkage.

Jannat et al. [114] conducted a test to investigate the influence of different agricultural
wastes, such as eggshell powder (ESP), sawdust powder (SDP), and coconut husk powder
(CHP), on the linear shrinkage of unfired clay blocks. The samples were produced with
varying percentages of these wastes, ranging from 10% to 50% of the dry weight of clay
for ESP and 2.5% to 10% for SDP and CHP. The results revealed that increasing the SDP
concentration from 2.5% to 10% led to a reduction in the linear shrinkage of the samples,
decreasing from 6.05% to 5.53%, which amounted to around a 31% reduction compared
to the reference sample (8.07%). The bonding capabilities of SDP can be attributed to the
presence of fibers in earthen materials, like straw, as they contain similar components. The
incorporation of straw in the earthen matrix plays a vital role in mitigating shrinkage and
subsequent fissuring during the drying process, especially when the earth is formed into
blocks with a high clay content.

Another significant parameter to consider is the “drying shrinkage of unfired earth
brick,” which describes the reduction in dimensions or volume that occurs when an earth
brick is allowed to dry naturally. In this regard, Turkman et al. [8] investigated the drying
shrinkage behavior of unfired earth brick (UEB) samples manufactured with diverse addi-
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tives. Four different UEB samples were prepared by using different compositions of earth,
gypsum, (Elaz1g Ferrochrome slag) EFS, and straw fibers. Due to the early setting time of
gypsum, 1-2% lime was added to mitigate the risk of deformation and cracking during the
drying period. The shrinkage measurements were conducted for all UEB samples during
a period of 30 days. At the end of the 30th day, the minimum drying shrinkage value
of 4.12% was observed in the G10 sample, which contained 10% gypsum and 1% straw
fibers. In contrast, the reference sample exhibited the maximum drying shrinkage value of
7.57%. Notably, the drying shrinkage values of G10 samples were approximately half of the
reference sample, and this significant decrease can be attributed to the addition of gypsum
and lime. Additionally, the inclusion of EFS contributed to a decrease in the shrinkage
values of UEB samples. Furthermore, combining both gypsum and EFS led to an even
further reduction in the drying shrinkage of UEB samples.

The study emphasizes that drying shrinkage is dependent on the clay’s characteristics,
such as its mineralogical nature and particle size. When the material experiences more than
8% shrinkage, it may lead to problems in bricks, such as cracking and internal fractures.
However, based on the findings of this experimental study, the overall drying shrinkage
values fall within acceptable limits, which is promising for the application of these UEB
samples in construction.

8. Conclusions

The environmental concerns associated with waste management in the developing
world highlight the potential benefits of employing these wastes in the construction indus-
try as an alternative approach to effectively tackle global environmental pollution.

Consequently, numerous studies have been conducted to investigate the incorporation
of waste materials in the manufacturing of unfired earth bricks.

Based on the review of recent research studies on the manufacturing of unfired earth
bricks that integrate various types of waste materials, as a partial or total replacement of
the raw materials, as well as investigating the impact of these additives on the mechanical
and thermal properties of unfired earth, the following conclusion can be deduced:

e A variety of industrial and agricultural wastes were investigated in the production
of unfired earth bricks, such as adobe or compressed earth bricks. This research
significantly contributes to the development of sustainable construction materials and
eco-friendly building products.

e  Waste material can be used to enhance the physical, mechanical, and thermal proper-
ties of unfired earth bricks.

e  Considering mechanical properties, the use of fiber at its optimal content resulted in a
substantial increase in compressive strength, ranging from 29.18% to 218.35%. And
the compressive strength varied between 2.05 MPa to 33.6 MPa.

Also, the incorporation of fibers at their optimal content resulted in a significant
enhancement of the flexural strength, ranging from 36% to 579.55%. The flexural value
varied between 0.17 MPa and 2.99 MPa.

e  Specimens that have a higher content of additives demonstrated a reduction in com-
pressive strength properties. The reduction in compressive strength can be attributed
to the multiple pores’” formation with the inclusion of higher additive content.

e  The addition of agricultural and industrial wastes also promoted a reduction in the
thermal conductivity of the unfired earth bricks, consequently enhancing their thermal
comfort in a house. Compared to the unstabilized samples, the straw-reinforced
sample demonstrated the greatest reduction in thermal conductivity, resulting in a
substantial reduction of 67.74%.

e  The obtained eco-friendly bricks, with their lower thermal conductivity and higher
compressive strength, offer an economical option for designing a green building.

To summarize, the literature has authenticated the suitability of agricultural and indus-
trial additives for unfired earth bricks, demonstrating significant potential and contributing
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to the improvement of their mechanical and thermal properties. The collected findings
align with testing standards in the building sector.

While the available literature contains numerous key findings regarding the incorpo-
ration of waste materials into unfired earth bricks, there are still certain potential gaps in
the reviewed studies. These gaps including a lack of analysis regarding microstructures
and the impact of density on thermal conductivities of unfired earth bricks when using a
combination of stabilizers.

Furthermore, the environmental impact of unfired earth bricks remains an open re-
search question for researchers. The production of alternative brick material presents
several key challenges, such as the preservation of the soil, the minimizing of greenhouse
gas emissions during production and transportation, enhancing energy efficiency by manu-
facturing materials with lower embodied energy, and offering potential low-cost options
for the construction sector.

Author Contributions: Conceptualization, M.L., N.Y. and Z.Y.; methodology, M.L., N.Y. and Z.Y,;
validation, M.L., N.Y. and Z.Y,; formal analysis, M.L., N.Y. and Z.Y; investigation, M.L., N.Y. and Z.Y,;
resources, M.L., N.Y. and Z.Y.; data curation, M.L., N.Y. and Z.Y.; writing—original draft preparation,
M.L., N.Y. and Z.Y.; writing—review and editing, N.Y. and Z.Y,; visualization, M.L., N.Y. and Z.Y.;
supervision, N.Y. and Z.Y.; project administration, N.Y. and Z.Y.; funding acquisition, N.Y. and Z.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by REGION HAUTS-DE-FRANCE.
Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ONU. World Population Prospects 2019; ONU: San Francisco, CA, USA, 2019; ISBN 9789211483161.

2. IEA Perspectives for Clean Energy Transition. The Critical Role of Buildings; International Energy Agency: Paris, France, 2019;
Volume 117.

3. Global CCS Institute. Global CCS Global Status Report 2021; Global CCS Institute: Melbourne, Australia, 2021.

4. U.S. Department of Energy. Chapter 5: Increasing Efficiency of Building Systems and Technologies. In Quadrennial Technology
Review, An Assessment of Energy Technologies and Research Opportunities; U.S. Department of Energy: Washington, DC, USA, 2015;
pp. 143-181.

5. Jannat, N.; Hussien, A.; Abdullah, B.; Cotgrave, A. Application of Agro and Non-Agro Waste Materials for Unfired Earth Blocks
Construction: A Review. Constr. Build. Mater. 2020, 254, 119346. [CrossRef]

6. Niyomukiza, J.B.; Nabitaka, K.C.; Kiwanuka, M.; Tiboti, P.; Akampulira, J. Enhancing Properties of Unfired Clay Bricks Using
Palm Fronds and Palm Seeds. Results Eng. 2022, 16, 100632. [CrossRef]

7.  ElFgaier, F; Lafhaj, Z.; Brachelet, F.; Antczak, E.; Chapiseau, C. Thermal Performance of Unfired Clay Bricks Used in Construction
in the North of France: Case Study. Case Stud. Constr. Mater. 2015, 3, 102-111. [CrossRef]

8.  Tirkmen, I.; Ekinci, E.; Kantarc, E; Sarici, T. The Mechanical and Physical Properties of Unfired Earth Bricks Stabilized with
Gypsum and Elaz1g Ferrochrome Slag. Int. |. Sustain. Built Environ. 2017, 6, 565-573. [CrossRef]

9.  Zak, P; Ashour, T.; Korjenic, A.; Korjenic, S.; Wu, W. The Influence of Natural Reinforcement Fibers, Gypsum and Cement on
Compressive Strength of Earth Bricks Materials. Constr. Build. Mater. 2016, 106, 179-188. [CrossRef]

10. Teixeira, E.R.; Machado, G.; De Adilson, P.; Guarnier, C.; Fernandes, J.; Silva, S.M.; Mateus, R. Mechanical and Thermal
Performance Characterisation of Compressed Earth Blocks. Energies 2020, 13, 2978. [CrossRef]

11. Kasinikota, P; Tripura, D.D. Evaluation of Compressed Stabilized Earth Block Properties Using Crushed Brick Waste. Constyr.
Build. Mater. 2021, 280, 122520. [CrossRef]

12. Masuka, S.; Gwenzi, W.; Rukuni, T. Development, Engineering Properties and Potential Applications of Unfired Earth Bricks
Reinforced by Coal Fly Ash, Lime and Wood Aggregates. J. Build. Eng. 2018, 18, 312-320. [CrossRef]

13. Mahdad, M.; Benidir, A. Hydro-Mechanical Properties and Durability of Earth Blocks: Influence of Different Stabilisers and
Compaction Levels. Int. ]. Sustain. Build. Technol. Urban Dev. 2018, 9, 44-60. [CrossRef]

14. Mahdad, M,; Benidir, A.; Brara, A. Experimental Assessment of Mechanical Behavior of a Compressed Stabilized Earth Blocks
(CSEB) and Walls. J. Mater. Eng. Struct. 2021, 8, 95-110.

15. Medvey, B.; Dobszay, G. Durability of Stabilized Earthen Constructions: A Review. Geotech. Geol. Eng. 2020, 38, 2403-2425.

[CrossRef]


https://doi.org/10.1016/j.conbuildmat.2020.119346
https://doi.org/10.1016/j.rineng.2022.100632
https://doi.org/10.1016/j.cscm.2015.09.001
https://doi.org/10.1016/j.ijsbe.2017.12.003
https://doi.org/10.1016/j.conbuildmat.2015.12.031
https://doi.org/10.3390/en13112978
https://doi.org/10.1016/j.conbuildmat.2021.122520
https://doi.org/10.1016/j.jobe.2018.03.010
https://doi.org/10.22712/susb.20180006
https://doi.org/10.1007/s10706-020-01208-6

Buildings 2023, 13, 2314 26 of 29

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

de Souza, ].M.; Ramos Filho, R.E.B.; Duarte, J.B.; da Silva, VM.; do Régo, S.R.; Lucena, L.D.EL.; Acchar, W. Mechanical and
Durability Properties of Compressed Stabilized Earth Brick Produced with Cassava Wastewater. J. Build. Eng. 2021, 44, 103290.
[CrossRef]

Ruiz, G.; Zhang, X.; Edris, W.E,; Cafias, I.; Garijo, L. A Comprehensive Study of Mechanical Properties of Compressed Earth
Blocks. Constr. Build. Mater. 2018, 176, 566-572. [CrossRef]

Avila, F; Puertas, E.; Gallego, R. Characterization of the Mechanical and Physical Properties of Stabilized Rammed Earth: A
Review. Constr. Build. Mater. 2022, 325, 126693. [CrossRef]

Hafez, R.D.A.; Tayeh, B.A.; Abd-Al Ftah, R.O. Development and Evaluation of Green Fired Clay Bricks Using Industrial and
Agricultural Wastes. Case Stud. Constr. Mater. 2022, 17, e01391. [CrossRef]

Kazmi, S.M.S.; Abbas, S.; Saleem, M.A.; Munir, M.].; Khitab, A. Manufacturing of Sustainable Clay Bricks: Utilization of Waste
Sugarcane Bagasse and Rice Husk Ashes. Constr. Build. Mater. 2016, 120, 29-41. [CrossRef]

Ayodele, T.R.; Alao, M.A.; Ogunjuyigbe, A.S.O. Recyclable Resources from Municipal Solid Waste: Assessment of Its Energy,
Economic and Environmental Benefits in Nigeria. Resour. Conserv. Recycl. 2018, 134, 165-173. [CrossRef]

Kazmi, S.M.S.; Munir, M.].; Patnaikuni, I.; Wu, Y.F,; Fawad, U. Thermal Performance Enhancement of Eco-Friendly Bricks
Incorporating Agro-Wastes. Energy Build. 2018, 158, 1117-1129. [CrossRef]

Limami, H.; Manssouri, I.; Cherkaoui, K.; Khaldoun, A. Mechanical and Physicochemical Performances of Reinforced Unfired
Clay Bricks with Recycled Typha-Fibers Waste as a Construction Material Additive. Clean. Eng. Technol. 2021, 2, 100037. [CrossRef]
Hai Alami, A. Experiments on Unfired Masonry Clay Bricks Mixed with Palm Fronds and Date Pits for Thermal Insulation
Applications. |. Renew. Sustain. Energy 2013, 5, 023136. [CrossRef]

Khoudja, D.; Taallah, B.; Izemmouren, O.; Aggoun, S.; Herihiri, O.; Guettala, A. Mechanical and Thermophysical Properties of
Raw Earth Bricks Incorporating Date Palm Waste. Constr. Build. Mater. 2021, 270, 121824. [CrossRef]

Babé, C.; Kidmo, D.K,; Tom, A.; Mvondo, RR.N.; Boum, R.B.E.; Djongyang, N. Thermomechanical Characterization and
Durability of Adobes Reinforced with Millet Waste Fibers (Sorghum bicolor). Case Stud. Constr. Mater. 2020, 13, €00422. [CrossRef]
Ashour, T.; Korjenic, A.; Korjenic, S.; Wu, W. Thermal Conductivity of Unfired Earth Bricks Reinforced by Agricultural Wastes
with Cement and Gypsum. Energy Build. 2015, 104, 139-146. [CrossRef]

Types of Bricks. Available online: https:/ /civiconcepts.com/blog/types-of-bricks-in-construction (accessed on 1 February 2019).
Vijayan, D.S.; Mohan, A.; Revathy, J.; Parthiban, D.; Varatharajan, R. Evaluation of the Impact of Thermal Performance on Various
Building Bricks and Blocks: A Review. Environ. Technol. Innov. 2021, 23, 101577. [CrossRef]

Harvey, C.C.; Lagaly, G. Chapter 10.1 Conventional Applications. Dev. Clay Sci. 2006, 1, 501-540. [CrossRef]

Wang, S.; Gainey, L.; Mackinnon, L.D.R.; Allen, C.; Gu, Y.; Xi, Y. Thermal Behaviors of Clay Minerals as Key Components and
Additives for Fired Brick Properties: A Review. J. Build. Eng. 2023, 66, 105802. [CrossRef]

Wang, S.; Gainey, L.; Marinelli, J.; Deer, B.; Wang, X.; Mackinnon, I.D.R.; Xi, Y. Effects of Vermiculite on In-Situ Thermal Behaviour,
Microstructure, Physical and Mechanical Properties of Fired Clay Bricks. Constr. Build. Mater. 2022, 316, 125828. [CrossRef]
Lahdili, M.; El Abbassi, EE.; Sakami, S.; Aamouche, A. Mechanical and Thermal Behavior of Compressed Earth Bricks Reinforced
with Lime and Coal Aggregates. Buildings 2022, 12, 1730. [CrossRef]

Galan-Marin, C.; Rivera-Gémez, C.; Petric, J. Clay-Based Composite Stabilized with Natural Polymer and Fibre. Constr. Build.
Mater. 2010, 24, 1462-1468. [CrossRef]

Ramakrishnan, S.; Loganayagan, S.; Kowshika, G.; Ramprakash, C.; Aruneshwaran, M. Adobe Blocks Reinforced with Natural
Fibres: A Review. Mater. Today Proc. 2020, 45, 6493-6499. [CrossRef]

Gallipoli, D.; Bruno, A.W.,; Perlot, C.; Mendes, J. A Geotechnical Perspective of Raw Earth Building. Acta Geotech. 2017, 12,
463-478. [CrossRef]

Donkor, P.; Obonyo, E. Earthen Construction Materials: Assessing the Feasibility of Improving Strength and Deformability of
Compressed Earth Blocks Using Polypropylene Fibers. Mater. Des. 2015, 83, 813—-819. [CrossRef]

Bruno, A.W.,; Gallipoli, D.; Bruno, A.; Bruno, A.W.; Gallipoli, D.; Bruno, A. Earth for Building Construction to Cite This Version:
Hygro-Mechanical Characterisation of Hypercompacted Earth for Building Construction. Ph.D Thesis, Université de Pau et des
Pays de I’Adour-Laboratoire SIAME, Paris, France, 2019.

Taallah, B.; Guettala, A.; Guettala, S.; Kriker, A. Mechanical Properties and Hygroscopicity Behavior of Compressed Earth Block
Filled by Date Palm Fibers. Constr. Build. Mater. 2014, 59, 161-168. [CrossRef]

Saidi, M.; Cherif, A.S.; Zeghmati, B.; Sediki, E. Stabilization Effects on the Thermal Conductivity and Sorption Behavior of Earth
Bricks. Constr. Build. Mater. 2018, 167, 566-577. [CrossRef]

Bui, Q.B.; Morel, ].C. Assessing the Anisotropy of Rammed Earth. Constr. Build. Mater. 2009, 23, 3005-3011. [CrossRef]

Zami, M.S; Lee, A. Stabilised or Unstabilised Earth Construction for Contemporary Urban Housing? IET Conf. Publ. 2010, 2010,
227-240. [CrossRef]

Pacheco-Torgal, F; Jalali, S. Earth Construction: Lessons from the Past for Future Eco-Efficient Construction. Constr. Build. Mater.
2012, 29, 512-519. [CrossRef]

Waziri, B.S.; Lawan, Z.A. Properties of Compressed Stabilized Earth Blocks (CSEB) For Low- Cost Housing Construction: A
Preliminary Investigation. Int. J. Sustain. Constr. Eng. Technol. 2013, 4, 2180-3242.

Guettala, A.; Abibsi, A.; Houari, H. Durability Study of Stabilized Earth Concrete under Both Laboratory and Climatic Conditions
Exposure. Constr. Build. Mater. 2006, 20, 119-127. [CrossRef]


https://doi.org/10.1016/j.jobe.2021.103290
https://doi.org/10.1016/j.conbuildmat.2018.05.077
https://doi.org/10.1016/j.conbuildmat.2022.126693
https://doi.org/10.1016/j.cscm.2022.e01391
https://doi.org/10.1016/j.conbuildmat.2016.05.084
https://doi.org/10.1016/j.resconrec.2018.03.017
https://doi.org/10.1016/j.enbuild.2017.10.056
https://doi.org/10.1016/j.clet.2020.100037
https://doi.org/10.1063/1.4801754
https://doi.org/10.1016/j.conbuildmat.2020.121824
https://doi.org/10.1016/j.cscm.2020.e00422
https://doi.org/10.1016/j.enbuild.2015.07.016
https://civiconcepts.com/blog/types-of-bricks-in-construction
https://doi.org/10.1016/j.eti.2021.101577
https://doi.org/10.1016/S1572-4352(05)01016-0
https://doi.org/10.1016/j.jobe.2022.105802
https://doi.org/10.1016/j.conbuildmat.2021.125828
https://doi.org/10.3390/buildings12101730
https://doi.org/10.1016/j.conbuildmat.2010.01.008
https://doi.org/10.1016/j.matpr.2020.11.377
https://doi.org/10.1007/s11440-016-0521-1
https://doi.org/10.1016/j.matdes.2015.06.017
https://doi.org/10.1016/j.conbuildmat.2014.02.058
https://doi.org/10.1016/j.conbuildmat.2018.02.063
https://doi.org/10.1016/j.conbuildmat.2009.04.011
https://doi.org/10.1049/cp.2010.0440
https://doi.org/10.1016/j.conbuildmat.2011.10.054
https://doi.org/10.1016/j.conbuildmat.2005.02.001

Buildings 2023, 13, 2314 27 of 29

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Heathcote, K.A. An Investigation Into the Erodibility of Earth Wall Units. Ph.D. Thesis, University of Technology Sidney, Sydney,
Australia, 2002.

Billong, N.; Melo, U.C.; Louvet, F.; Njopwouo, D. Properties of Compressed Lateritic Soil Stabilized with a Burnt Clay-Lime
Binder: Effect of Mixture Components. Constr. Build. Mater. 2009, 23, 2457-2460. [CrossRef]

Zhao, W. Pour Obtenir Le Diplome de Doctorat Préparée Au Sein dl’ Université de Caen Normandie Hydrogen Production:
Supported Mo-Based Catalysts for Water Gas Shift Reaction Présentée et Soutenue Par. 2022. Available online: https:/ /theses.hal.
science/tel-04008099 /document (accessed on 23 February 2023).

Danso, H.; Martinson, D.B.; Ali, M.; Williams, J.B. Physical, Mechanical and Durability Properties of Soil Building Blocks
Reinforced with Natural Fibres. Constr. Build. Mater. 2015, 101, 797-809. [CrossRef]

Chaibeddra, S.; Kharchi, F. Performance of Compressed Stabilized Earth Blocks in Sulphated Medium. J. Build. Eng. 2019, 25,
100814. [CrossRef]

Nagaraj, H.B.; Sravan, M.V,; Arun, T.G.; Jagadish, K.S. Role of Lime with Cement in Long-Term Strength of Compressed Stabilized
Earth Blocks. Int. |. Sustain. Built Environ. 2014, 3, 54—61. [CrossRef]

Dao, K.; Ouedraogo, M.; Millogo, Y.; Aubert, ].E.; Gomina, M. Thermal, Hydric and Mechanical Behaviours of Adobes Stabilized
with Cement. Constr. Build. Mater. 2018, 158, 84-96. [CrossRef]

Millogo, Y.; Hajjaji, M.; Ouedraogo, R. Microstructure and Physical Properties of Lime-Clayey Adobe Bricks. Constr. Build. Mater.
2008, 22, 2386-2392. [CrossRef]

Millogo, Y.; Morel, J.C. Microstructural Characterization and Mechanical Properties of Cement Stabilised Adobes. Mater. Struct.
Mater. Constr. 2012, 45, 1311-1318. [CrossRef]

Walker, PJ. Strength, Durability and Shrinkage Characteristics of Cement Stabilised Soil Blocks. Cem. Concr. Compos. 1995, 17,
301-310. [CrossRef]

Morel, ].C.; Pkla, A.; Walker, P. Compressive Strength Testing of Compressed Earth Blocks. Constr. Build. Mater. 2007, 21, 303-309.
[CrossRef]

Hasanbeigi, A.; Price, L.; Lin, E. Emerging Energy-Efficiency and CO, Emission-Reduction Technologies for Cement and Concrete
Production: A Technical Review. Renew. Sustain. Energy Rev. 2012, 16, 6220-6238. [CrossRef]

Joglekar, S.N.; Kharkar, R.A.; Mandavgane, S.A.; Kulkarni, B.D. Sustainability Assessment of Brick Work for Low-Cost Housing;:
A Comparison between Waste Based Bricks and Burnt Clay Bricks. Sustain. Cities Soc. 2018, 37, 396—406. [CrossRef]

Dove, C. The Development of Unfired Earth Bricks Using Seaweed Biopolymers. WIT Trans. Built Environ. 2014, 142, 219-230.
[CrossRef]

Walker, P.; Standards Australia. Australian Earth Building. 2001. Available online: https://www.saiglobal.com/PDFTemp/
Previews/OSH/as/misc/handbook/HB195.pdf (accessed on 23 February 2023).

Sufian, M.; Ullah, S.; Ostrowski, K.A.; Ahmad, A.; Zia, A.; Sliwa-Wieczorek, K.; Siddiq, M.; Awan, A.A. An Experimental and
Empirical Study on the Use of Waste Marble Powder in Construction Material. Materials 2021, 14, 3829. [CrossRef]

Zhang, L. Production of Bricks from Waste Materials—A Review. Constr. Build. Mater. 2013, 47, 643-655. [CrossRef]

Chin, W.Q.; Lee, Y.H.; Amran, M.; Fediuk, R.; Vatin, N.; Kueh, A.B.H.; Lee, Y.Y. A Sustainable Reuse of Agro-Industrial Wastes
into Green Cement Bricks. Materials 2022, 15, 1713. [CrossRef]

Sekhar, D.C.; Nayak, S. Utilization of Granulated Blast Furnace Slag and Cement in the Manufacture of Compressed Stabilized
Earth Blocks. Constr. Build. Mater. 2018, 166, 531-536. [CrossRef]

Vinai, R.; Lawane, A.; Minane, J.R.; Amadou, A. Coal Combustion Residues Valorisation: Research and Development on
Compressed Brick Production. Constr. Build. Mater. 2013, 40, 1088-1096. [CrossRef]

Serrano, S.; Barreneche, C.; Cabeza, L.F. Use of By-Products as Additives in Adobe Bricks: Mechanical Properties Characterisation.
Constr. Build. Mater. 2016, 108, 105-111. [CrossRef]

Binici, H.; Aksogan, O.; Shah, T. Investigation of Fibre Reinforced Mud Brick as a Building Material. Constr. Build. Mater. 2005, 19,
313-318. [CrossRef]

Limami, H.; Manssouri, I.; Cherkaoui, K.; Saadaoui, M.; Khaldoun, A. Thermal Performance of Unfired Lightweight Clay Bricks
with HDPE & PET Waste Plastics Additives. ]. Build. Eng. 2020, 30, 101251. [CrossRef]

Miqueleiz, L.; Ramirez, F,; Oti, J.E.; Seco, A.; Kinuthia, ].M.; Oreja, I.; Urmeneta, P. Alumina Filler Waste as Clay Replacement
Material for Unfired Brick Production. Eng. Geol. 2013, 163, 68-74. [CrossRef]

Nshimiyimana, P.; Miraucourt, D.; Messan, A.; Courard, L. Calcium Carbide Residue and Rice Husk Ash for Improving the
Compressive Strength of Compressed Earth Blocks. MRS Adv. 2018, 3, 2009-2014. [CrossRef]

Espuelas, S.; Omer, ].; Marcelino, S.; Echeverria, A.M.; Seco, A. Magnesium Oxide as Alternative Binder for Unfired Clay Bricks
Manufacturing. Appl. Clay Sci. 2017, 146, 23-26. [CrossRef]

Ali, N.; Yaacob, K.Y.; Burhanudin, M.K,; Shahidan, S.; Abdullah, S.R. Investigation of Compressed Earth Brick Containing
Ceramic Waste. ARPN J. Eng. Appl. Sci. 2016, 11, 5459-5462.

Pekrioglu Balkis, A. The Effects of Waste Marble Dust and Polypropylene Fiber Contents on Mechanical Properties of Gypsum
Stabilized Earthen. Constr. Build. Mater. 2017, 134, 556-562. [CrossRef]

Seco, A.; Omer, J.; Marcelino, S.; Espuelas, S.; Prieto, E. Sustainable Unfired Bricks Manufacturing from Construction and
Demolition Wastes. Constr. Build. Mater. 2018, 167, 154-165. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2008.09.017
https://theses.hal.science/tel-04008099/document
https://theses.hal.science/tel-04008099/document
https://doi.org/10.1016/j.conbuildmat.2015.10.069
https://doi.org/10.1016/j.jobe.2019.100814
https://doi.org/10.1016/j.ijsbe.2014.03.001
https://doi.org/10.1016/j.conbuildmat.2017.10.001
https://doi.org/10.1016/j.conbuildmat.2007.09.002
https://doi.org/10.1617/s11527-012-9833-2
https://doi.org/10.1016/0958-9465(95)00019-9
https://doi.org/10.1016/j.conbuildmat.2005.08.021
https://doi.org/10.1016/j.rser.2012.07.019
https://doi.org/10.1016/j.scs.2017.11.025
https://doi.org/10.2495/ARC140201
https://www.saiglobal.com/PDFTemp/Previews/OSH/as/misc/handbook/HB195.pdf
https://www.saiglobal.com/PDFTemp/Previews/OSH/as/misc/handbook/HB195.pdf
https://doi.org/10.3390/ma14143829
https://doi.org/10.1016/j.conbuildmat.2013.05.043
https://doi.org/10.3390/ma15051713
https://doi.org/10.1016/j.conbuildmat.2018.01.125
https://doi.org/10.1016/j.conbuildmat.2012.11.096
https://doi.org/10.1016/j.conbuildmat.2016.01.044
https://doi.org/10.1016/j.conbuildmat.2004.07.013
https://doi.org/10.1016/j.jobe.2020.101251
https://doi.org/10.1016/j.enggeo.2013.05.006
https://doi.org/10.1557/adv.2018.147
https://doi.org/10.1016/j.clay.2017.05.034
https://doi.org/10.1016/j.conbuildmat.2016.12.172
https://doi.org/10.1016/j.conbuildmat.2018.02.026

Buildings 2023, 13, 2314 28 of 29

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.
101.

102.

103.

104.

Oti, J.E.; Kinuthia, ].M.; Robinson, R.B. Applied Clay Science The Development of Un Fi Red Clay Building Material Using Brick
Dust Waste and Mercia Mudstone Clay. Appl. Clay Sci. 2014, 102, 148-154. [CrossRef]

Gandia, RM.; Gomes, F.C.; Corréa, A.A.R.; Rodrigues, M.C.; Mendes, R.F. Physical, Mechanical and Thermal Behavior of Adobe
Stabilized with Glass Fiber Reinforced Polymer Waste. Constr. Build. Mater. 2019, 222, 168-182. [CrossRef]

Medjo Eko, R.; Offa, E.D.; Yatchoupou Ngatcha, T.; Seba Minsili, L. Potential of Salvaged Steel Fibers for Reinforcement of Unfired
Earth Blocks. Constr. Build. Mater. 2012, 35, 340-346. [CrossRef]

Mufoz, P; Letelier, V.; Mufoz, L.; Bustamante, M.A. Adobe Bricks Reinforced with Paper & Pulp Wastes Improving Thermal and
Mechanical Properties. Constr. Build. Mater. 2020, 254, 119314. [CrossRef]

Limami, H.; Manssouri, I.; Cherkaoui, K.; Khaldoun, A. Recycled Wastewater Treatment Plant Sludge as a Construction Material
Additive to Ecological Lightweight Earth Bricks. Clean. Eng. Technol. 2021, 2, 100050. [CrossRef]

Huy, N.S.; Tan, N.N.; Hang, M.T.N.; Quang, L.N. Environmentally Friendly Unburnt Bricks Using Raw Rice Husk and Bottom Ash
as Fine Aggregates: Physical and Mechanical Properties. J. Sci. Technol. Civ. Eng. (STCE)—NUCE 2021, 15, 110-120. [CrossRef]
Salih, M.M.; Osofero, A.L,; Imbabi, M.S. Constitutive Models for Fibre Reinforced Soil Bricks. Constr. Build. Mater. 2020, 240,
117806. [CrossRef]

Danso, H.; Martinson, D.B.; Ali, M.; Williams, ]. Effect of Fibre Aspect Ratio on Mechanical Properties of Soil Building Blocks.
Constr. Build. Mater. 2015, 83, 314-319. [CrossRef]

Damanik, N.H.C.; Susanto, D.; Suganda, E. The Compressive Strength of Unfired Clay Brick with Sugarcane Bagasse Fiber (SBF)
and Bio-Enzyme Reinforcements. Int. J. Technol. 2020, 11, 1422-1429. [CrossRef]

Vega, P; Juan, A.; Ignacio Guerra, M.; Moran, ].M.; Aguado, PJ.; Llamas, B. Mechanical Characterisation of Traditional Adobes
from the North of Spain. Constr. Build. Mater. 2011, 25, 3020-3023. [CrossRef]

Mostafa, M.; Uddin, N. Effect of Banana Fibers on the Compressive and Flexural Strength of Compressed Earth Blocks. Buildings
2015, 5, 282-296. [CrossRef]

Limami, H.; Manssouri, I.; Noureddine, O.; Erba, S.; Sahbi, H.; Khaldoun, A. Effect of Reinforced Recycled Sawdust-Fibers
Additive on the Performance of Ecological Compressed Earth Bricks. J. Build. Eng. 2023, 68, 106140. [CrossRef]

Costi de Castrillo, M.; Ioannou, I.; Philokyprou, M. Reproduction of Traditional Adobes Using Varying Percentage Contents of
Straw and Sawdust. Constr. Build. Mater. 2021, 294, 123516. [CrossRef]

Taallah, B.; Guettala, A. The Mechanical and Physical Properties of Compressed Earth Block Stabilized with Lime and Filled with
Untreated and Alkali-Treated Date Palm Fibers. Constr. Build. Mater. 2016, 104, 52-62. [CrossRef]

Lamrani, M.; Mansour, M.; Laaroussi, N.; Khalfaoui, M. Thermal Study of Clay Bricks Reinforced by Three Ecological Materials
in South of Morocco. Energy Procedia 2019, 156, 273-277. [CrossRef]

Demir, I. Effect of Organic Residues Addition on the Technological Properties of Clay Bricks. Waste Manag. 2008, 28, 622—-627.
[CrossRef]

Chan, C.M. Effect of Natural Fibres Inclusion in Clay Bricks: Physico-Mechanical Properties. World Acad. Sci. Eng. Technol. 2011,
73,51-57.

Villamizar, M.C.N.; Araque, V.S.; Reyes, C.A.R;; Silva, R.S. Effect of the Addition of Coal-Ash and Cassava Peels on the Engineering
Properties of Compressed Earth Blocks. Constr. Build. Mater. 2012, 36, 276-286. [CrossRef]

El-Yahyaoui, A.; Manssouri, I.; Noureddine, O.; Sahbi, H.; Khaldoun, A. Physical and Mechanical Properties of Unfired Clay
Bricks with Saw Palmetto Fibers Additive as a Construction Material. Mater. Today Proc. 2023, 72, 3804-3814. [CrossRef]
Noureddine, O.; Manssouri, I.; Sahbi, H.; Limami, H.; Khaldoun, A. Rheological and Physico-Mechanical Investigations on the
Destabilization of Unfired Clay Bricks with Almond Husk Additive by Salt. Constr. Build. Mater. 2023, 375, 130971. [CrossRef]
Araya-Letelier, G.; Antico, F.C.; Burbano-Garcia, C.; Concha-Riedel, J.; Norambuena-Contreras, J.; Concha, J.; Saavedra Flores, E.I
Experimental Evaluation of Adobe Mixtures Reinforced with Jute Fibers. Constr. Build. Mater. 2021, 276, 122127. [CrossRef]
Selsiadevi, S. Earth Building Blocks Reinforced with Jute and Banana Fiber. Int. ]. Eng. Res. Technol. 2018, 6, 1-4.

Kafodya, I.; Okonta, F.; Kloukinas, P. Role of Fi Ber Inclusion in Adobe Masonry Construction. J. Build. Eng. 2019, 26, 100904.
[CrossRef]

Charai, M.; Salhi, M.; Horma, O.; Mezrhab, A.; Karkri, M. Thermal and Mechanical Characterization of Adobes Bio-Sourced with
Pennisetum Setaceum Fibers and an Application for Modern Buildings. Constr. Build. Mater. 2022, 326, 126809. [CrossRef]
Bouchefra, I.; Zahra, F,; Bichri, E.L.; Chehouani, H.; Benhamou, B. Mechanical and Thermophysical Properties of Compressed
Earth Brick Rienforced by Raw and Treated Doum Fibers. Constr. Build. Mater. 2022, 318, 126031. [CrossRef]

Johra, H. Thermal Properties of Building Materials—Review and Database; Aalborg University: Aalborg, Denmark, 2021; pp. 19-20.
Abid, R.; Kamoun, N.; Jamoussi, F.; El, H. Fabrication and Properties of Compressed Earth Brick from Local Tunisian Raw
Materials. Bol. Soc. Esp. Cerdm. Vidr. 2021, 61, 397-407. [CrossRef]

Hill, J. Life Cycle Analysis of Biofuels. In Encyclopedia of Biodiversity, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2013;
Volume 4, pp. 627-630. [CrossRef]

Lozano-Miralles, J.A.; Hermoso-Orzaez, M.].; Martinez-Garcia, C.; Rojas-Sola, J.I. Comparative Study on the Environmental
Impact of Traditional Clay Bricks Mixed with Organic Waste Using Life Cycle Analysis. Sustainability 2018, 10, 2917. [CrossRef]
Marcelino-Sadaba, S.; Kinuthia, J.; Oti, J.; Seco Meneses, A. Challenges in Life Cycle Assessment (LCA) of Stabilised Clay-Based
Construction Materials. Appl. Clay Sci. 2017, 144, 121-130. [CrossRef]


https://doi.org/10.1016/j.clay.2014.09.031
https://doi.org/10.1016/j.conbuildmat.2019.06.107
https://doi.org/10.1016/j.conbuildmat.2011.11.050
https://doi.org/10.1016/j.conbuildmat.2020.119314
https://doi.org/10.1016/j.clet.2021.100050
https://doi.org/10.31814/stce.nuce2021-15(1)-10
https://doi.org/10.1016/j.conbuildmat.2019.117806
https://doi.org/10.1016/j.conbuildmat.2015.03.039
https://doi.org/10.14716/ijtech.v11i7.4526
https://doi.org/10.1016/j.conbuildmat.2011.02.003
https://doi.org/10.3390/buildings5010282
https://doi.org/10.1016/j.jobe.2023.106140
https://doi.org/10.1016/j.conbuildmat.2021.123516
https://doi.org/10.1016/j.conbuildmat.2015.12.007
https://doi.org/10.1016/j.egypro.2018.11.141
https://doi.org/10.1016/j.wasman.2007.03.019
https://doi.org/10.1016/j.conbuildmat.2012.04.056
https://doi.org/10.1016/j.matpr.2022.09.487
https://doi.org/10.1016/j.conbuildmat.2023.130971
https://doi.org/10.1016/j.conbuildmat.2020.122127
https://doi.org/10.1016/j.jobe.2019.100904
https://doi.org/10.1016/j.conbuildmat.2022.126809
https://doi.org/10.1016/j.conbuildmat.2021.126031
https://doi.org/10.1016/j.bsecv.2021.02.001
https://doi.org/10.1016/B978-0-12-384719-5.00365-8
https://doi.org/10.3390/su10082917
https://doi.org/10.1016/j.clay.2017.05.012

Buildings 2023, 13, 2314 29 of 29

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

120.

Maskell, D.; Heath, A.; Walker, P. Comparing the Environmental Impact of Stabilisers for Unfired Earth Construction. Key Eng.
Mater. 2014, 600, 132-143. [CrossRef]

Youssef, N.; Rabenantoandro, A.Z.; Dakhli, Z.; Hage Chehade, F.; Lafhaj, Z. Environmental Evaluation of Geopolymer Bricks.
MATEC Web Conf. 2019, 281, 03005. [CrossRef]

Laborel-Préneron, A.; Magniont, C.; Aubert, ].E. Hygrothermal Properties of Unfired Earth Bricks: Effect of Barley Straw, Hemp
Shiv and Corn Cob Addition. Energy Build. 2018, 178, 265-278. [CrossRef]

Giroudon, M.; Laborel-Préneron, A.; Aubert, ].E.; Magniont, C. Comparison of Barley and Lavender Straws as Bioaggregates in
Earth Bricks. Constr. Build. Mater. 2019, 202, 254-265. [CrossRef]

Laborel-Préneron, A.; Aubert, J.E.; Magniont, C.; Tribout, C.; Bertron, A. Plant Aggregates and Fibers in Earth Construction
Materials: A Review. Constr. Build. Mater. 2016, 111, 719-734. [CrossRef]

Olacia, E.; Pisello, A.L.; Chiodo, V.; Maisano, S.; Frazzica, A.; Cabeza, L.F. Sustainable Adobe Bricks with Seagrass Fibres.
Mechanical and Thermal Properties Characterization. Constr. Build. Mater. 2020, 239, 117669. [CrossRef]

Schroeder, H. Modern Earth Building Codes, Standards and Normative Development. In Modern Earth Buildings: Materials,
Engineering, Constructions and Applications; Woodhead Publishing: Cambridge, UK, 2012; pp. 72-109. [CrossRef]

Agunsoye, ].O.; Aigbodion, V.S. Bagasse Filled Recycled Polyethylene Bio-Composites: Morphological and Mechanical Properties
Study. Results Phys. 2013, 3, 187-194. [CrossRef]

IBSTOCK Innovators in Clay. BS EN 771-1 Compared to BS 3921 Technical Summary. Engineering 2003, 1-2.

Jannat, N.; Al-Mufti, R.L.; Hussien, A.; Abdullah, B.; Cotgrave, A. Influences of Agro-Wastes on the Physico-Mechanical and
Durability Properties of Unfired Clay Blocks. Constr. Build. Mater. 2022, 318, 126011. [CrossRef]

Muntohar, A.S. Engineering Characteristics of the Compressed-Stabilized Earth Brick. Constr. Build. Mater. 2011, 25, 4215-4220.
[CrossRef]

Putri, P.Y. Quality Study in the Reconstruction of Brick Houses That Built after Earthquake 2009 in Koto Tangah Sub-District—
Padang. Procedia Eng. 2014, 95, 510-517. [CrossRef]

Jaramillo-Pérez, E.R.; Plata-Chaves, ]. M.; Rios-Reyes, C.A. The Use of Gypsum Mining By-Product and Lime on the Engineering
Properties of Compressed Earth Blocks [El Uso de Residuos de Mineria de Yeso y Cal Sobre Las Propiedades de Ingenieria de Los
Bloques de Tierra Comprimida]. DYNA 2014, 81, 42-51. [CrossRef]

Sujatha, E.R.; Devi, S.S. Reinforced Soil Blocks: Viable Option for Low Cost Building Units. Constr. Build. Mater. 2018, 189,
1124-1133. [CrossRef]

Singh, H.; Brar, G.S.; Mudahar, G.S. Evaluation of Characteristics of Fly Ash-Reinforced Clay Bricks as Building Material. J. Build.
Phys. 2017, 40, 530-543. [CrossRef]

Ismail, S.; Yaacob, Z. Properties of Laterite Brick Reinforced with Oil Palm Empty Fruit Bunch Fibres. Pertanika J. Sci. Technol.
2011, 19, 33-43.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.4028/www.scientific.net/KEM.600.132
https://doi.org/10.1051/matecconf/201928103005
https://doi.org/10.1016/j.enbuild.2018.08.021
https://doi.org/10.1016/j.conbuildmat.2018.12.126
https://doi.org/10.1016/j.conbuildmat.2016.02.119
https://doi.org/10.1016/j.conbuildmat.2019.117669
https://doi.org/10.1533/9780857096166.1.72
https://doi.org/10.1016/j.rinp.2013.09.003
https://doi.org/10.1016/j.conbuildmat.2021.126011
https://doi.org/10.1016/j.conbuildmat.2011.04.061
https://doi.org/10.1016/j.proeng.2014.12.212
https://doi.org/10.15446/dyna.v81n188.39725
https://doi.org/10.1016/j.conbuildmat.2018.09.077
https://doi.org/10.1177/1744259116659662

	Introduction 
	Background 
	Focus and Research Questions 

	Exploring the Use of Earth Bricks in Construction 
	Types of Earth Bricks/Blocks Used in Construction Masonry 
	Fired Earth Bricks 
	Unfired Earth Bricks 

	Unfired Earth Bricks in Construction: An Analysis of Benefits and Limitations 

	Stabilizers and Additives Used in the Manufacturing of Unfired Earth Bricks 
	Stabilizers 
	Additives: Incorporation of Waste Materials 
	Incorporation of Inorganic Waste/Industrial Waste 
	Incorporation of Agricultural Waste 


	Essential Factors to Consider in Designing Eco-Friendly Construction Materials: Mechanical and Thermal Properties and Environmental Impact 
	Thermal Conductivity 
	Compressive Strength 
	Flexural Strength 
	The Environmental Impact of Using Unfired Earth Bricks in Building Construction 

	Effectiveness of Waste Material on Improving Thermal Performance of Unfired Earth Bricks 
	The Impact of Agricultural Wastes on the Thermal Conductivity of Unfired Earth Bricks 
	Examining the Impact of Industrial Wastes on the Thermal Conductivity of Unfired Earth Bricks 

	Assessing the Potential of Waste Material in Improving the Mechanical Properties of Unfired Earth Bricks 
	The Impact of Agricultural Wastes on the Compressive and Flexural Strength of Unfired Earth Bricks 
	Effect of Industrial Wastes on the Compressive and Flexural Strength of Unfired Earth Bricks 

	Effects of Waste Materials on the Physical Properties of Unfired Earth Blocks 
	Effects of Waste Addition on the Density and Porosity of Unfired Earth Bricks 
	Effects of Waste Addition on the Water Absorption of Unfired Earth Bricks 
	Effects of Wastes on the Linear and Dry Shrinkage of Unfired Earth Bricks 

	Conclusions 
	References

