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Preface

In construction science, one of the most fundamental aspects has always been the
interaction between conventional building materials and contemporary engineer-
ing. Clay, one of the oldest construction materials used by humans, continues to
provide a fascinating combination of simplicity and complexity that has reverberated
throughout history. Throughout its exploration of this dynamic topic, Developments
in Clay Science and Construction Techniques sheds light on the lasting properties of
clay and the cutting-edge developments that are changing its application in modern
construction. The purpose of this book is to provide a compilation of thoughts from
prominent scholars, engineers, and practitioners who have devoted their lives to gain-
ing knowledge of clay and improving its qualities. To give a thorough, academically
rigorous, and practically helpful overview, the chapters investigate various subjects,
ranging from the microscopic behaviors of clay particles to large-scale architectural
applications. The need to create durable and reliable structures has driven significant
advancements in clay manipulation and use in recent years. Innovations in construc-
tion techniques enable more efficient and ecologically friendly building processes,
while advancements in nanotechnology have opened new opportunities for improv-
ing the mechanical characteristics of clay-based materials. The innovations that

are taking place are not only expanding the bounds of what can be accomplished

with clay, but they are also contributing to the resolution of some of the most severe
problems that are now being faced by the building industry. This book is written for

a wide range of readers, including academic researchers, professionals working in
industry, and students studying architecture, civil engineering, and materials science.
This book provides a comprehensive grasp of both the fundamental concepts and the
most recent breakthroughs in clay science and construction techniques. We hope that
this book will not only provide a wealth of knowledge but also inspire further study
and development, generating a new generation of building practices that are both
technologically modern and profoundly anchored in tradition. We want to express our
appreciation to every contributor who has contributed their knowledge and perspec-
tives to this book. Their work is at the vanguard of a discipline that has been there

for as long as civilization but is also undergoing constant change. We have high hopes
that everyone interested in the future of building and the ongoing heritage of clay
will find this book an invaluable resource and source of inspiration. The significant
progress of construction methodologies and materials has always been fundamental
to human progress. Out of all these materials, clay has maintained a distinct and
long-lasting importance. Clay has demonstrated versatility and indispensability in
various applications, from ancient adobe constructions to modern high-tech uses. The
book Developments in Clay Science and Construction Techniques examines the many
aspects of clay in contemporary construction. It aims to consolidate the most recent
research, advancements, and practical uses of clay.

The book has two sections, each focusing on discrete yet interrelated facets of clay
science and building. The initial segment, “Innovations and Applications of Clay in
Construction”, explores the latest advancements and environmentally friendly



techniques in utilizing clay materials. The second section, titled “Technical Studies
and Effects on Clay Soil Properties”, examines the scientific and technical research
investigating the behavior and features of clay soils in different building scenarios.

Section 1: Innovations and Applications of Clay in Construction

Chapter 1: “Contemporary Innovations and Sustainable Practices in the Application
of Clay Materials within Architectural Design and Construction Methodologies”. The
initial chapter establishes the context by exploring contemporary advancements and
environmentally friendly methods linked to clay materials in architectural design
and construction. Clay has become an essential resource in the building industry as

it strives to find sustainable and eco-friendly materials. This chapter showcases the
inventive methods architects and builders employ to integrate clay into modern con-
structions. The use of clay is being reinterpreted in the twenty-first century, including
energy-efficient building envelopes and aesthetic upgrades. The chapter also explores
how traditional techniques are modified to align with contemporary sustainability
criteria. This demonstrates that traditional and modern approaches may live happily
in the quest for environmentally friendly construction solutions.

Chapter 2: “Nanoclays as Fillers for Performance Enhancement in Building and
Construction Industries: State of the Art and Future Trends”. The second chapter
explores the field of nanotechnology and its influence on the building sector, spe-
cifically focusing on the application of nanoclays. Nanoclays have demonstrated
considerable potential as additives for improving the performance of construction
materials. This chapter thoroughly examines the most advanced methods employed
in integrating nanoclays and investigates potential developments that might trans-
form the industry significantly. The subject encompasses enhancements in material
robustness, longevity, and resilience against environmental elements. This chapter
offers a prospective view of the possible impact of nanoclays on the advancement
of construction materials by analyzing existing research and exploring future
applications.

Chapter 3: “Advancing Sustainable Construction: Insights into Clay-Based Additive
Manufacturing for Architecture, Engineering, and Construction”. The third chapter
presents the innovative notion of clay-based additive manufacturing, sometimes
referred to as 3D printing, in architecture, engineering, and construction. This chap-
ter examines how clay-based additive manufacturing enhances sustainability and
enables unparalleled creativity and accuracy in architectural design and construction.
The presented insights encompass technical improvements, case studies, and antici-
pated future developments. The building sector may attain heightened effectiveness
and environmental friendliness by utilizing clay’s inherent characteristics and the
accuracy of additive manufacturing.

Section 2: Technical Studies and Effects on Clay Soil Properties
Chapter 4 examines the “The Effect of Samples Disturbance of Partially Saturated

Expansive Clay Soils on the Soil Properties”. In this chapter, the focus shifts toward a
more technical analysis. It explores how sample disturbance affects the characteristics
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of partly saturated expansive clay soils. Studying the integrity of soil samples is crucial
because it substantially impacts the accuracy of soil property evaluations, which in
turn affects building decisions. This chapter presents comprehensive empirical data
and analysis on the impact of disturbances on soil behavior, encompassing alterations
in volume, moisture content, and structural integrity. Comprehending these impacts
is essential for precise soil evaluation and formulating efficient building tactics in
regions with expanding clay soils.

Chapter 5 is “Effect of Compaction Energy on the Behavior of Coefficient of
Consolidation for the Compacted Fine-Grained Soils”. In this chapter, the technical
investigation focuses on the impact of compaction energy on the coefficient of consoli-
dation for compacted fine-grained soils. Compaction is essential in soil preparation for
construction, and the energy used can considerably impact soil characteristics. This
chapter discusses the results of experiments that examine how different compaction
energy levels affect the consolidation behavior of soils with a high proportion of small
particles. The findings have significant ramifications for building methodologies,
namely in enhancing soil stability and strength to guarantee the safety and longevity
of structures.

Chapter 6 is titled, “Construction Techniques Related to Clay Soils: A Case Study

in Africa” The last chapter presents a concrete case study from Africa, demonstrating
the use of construction methods tailored to clay soils. This case study provides valu-
able insights into the difficulties and remedies in areas where clay soils predominate.
By examining real-world examples, this chapter highlights the practical applications
of the scientific and technical principles discussed in the previous chapters. The

case study highlights the significance of comprehending the specific soil conditions
in each area and adjusting construction methods accordingly to produce successful
and environmentally friendly building projects.

Developments in Clay Science and Construction Techniques is a thorough investiga-
tion into the changing significance of clay in contemporary construction practices.
This book comprehensively discusses how clay materials and soil features may be
used to advance the building industry by combining innovative applications and
technical studies. Every chapter enhances the existing knowledge repository by
providing functional perspectives for scholars, practitioners, and policymakers.
Given the industry’s current focus on sustainability and efficiency, the insights and
progress outlined in this book will undeniably significantly impact the future of
construction.

This book consolidates and elucidates clay’s various functions and consequences,
drawing from the rigorous geology, ecology, and construction engineering disciplines.
Clay’s composition is shaped by sedimentary processes and geological origins, closely
linked to mineral content. The properties of clay-rich soil are determined by these
factors, resulting in the unique particle arrangement of clay, which in turn affects its
many uses. Historical records emphasize the significant importance of clay in shaping
construction techniques. Clay is widely used as a building material due to its easy avail-
ability, versatility, and ability to regulate temperature. This article comprehensively
examines the evolution of clay-based building, comparing traditional methods with

XV



contemporary advancements. This text provides a comprehensive evaluation of the
material characteristics of clay, its significance in architecture, and its environmental
consequences, highlighting its crucial role in sustainable construction. Clay, a pliable
and natural material, has played a vital role in sculpting, enabling artists to create
complicated shapes and enduring works of art.
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Chapter1

Contemporary Innovations

and Sustainable Practices in the
Application of Clay Materials
within Architectural Design

and Construction Methodologies

Amjad Almusaed, Ibrahim Yitmen and Asaad Almssad

Abstract

This chapter examines integrating innovative clay materials within modern
architecture’s environmental stewardship framework. Focusing on clay, it empha-
sizes its role in sustainable design and construction, driven by escalating ecological
concerns and the need for green development. The chapter highlights clay’s enduring
appeal, resilience, energy efficiency, and eco-friendliness in architecture. It traces
clay’s historical use, from traditional bricks and terracotta to advanced composites,
and examines significant advancements in production techniques that enhance
material properties while reducing environmental impact. Sustainable clay extraction
practices, lifecycle analysis, thermal efficiency, and clay’s role in healthier indoor
environments are discussed. Case studies illustrate contemporary architects’ use of
clay to meet esthetic, structural, and environmental needs, addressing barriers such
as structural, economic, and regulatory challenges. Recommendations for modify-
ing regulations, enhancing education, and embracing technological innovation are
provided to promote clay’s broader use in construction. The chapter concludes that
clay should be significant in future architectural design and construction, driven by
innovative and ecologically responsible approaches. It argues that strategic use of clay,
combined with technology and ecological ethics, can achieve sustainable develop-
ment goals and create environmentally responsible, efficient, and esthetically appeal-
ing built environments.

Keywords: sustainable architecture, clay material, green construction practices,
environmental impact, manufacturing techniques

1. Introduction

Khan et al. argue that developing environmentally friendly composite materials
for various uses arises from a growing consciousness about the environment and
the imminent shortage of petroleum-derived resources [1]. This chapter provides
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a thorough analysis of the recent advancements and sustainable use of clay materi-
als in the fields of architectural design and modern building methods. This chapter
highlights the important role of clay materials in promoting environmentally friendly
design and building techniques in response to increasing environmental concerns and
the need for sustainable development. Abyzov et al. describe the crucial function per-
formed by different material categories in tackling these challenges: recycled materi-
als that provide opportunities for reuse; traditional, natural, and locally sourced
building materials that, driven by technological progress, are now being reimagined
for contemporary, environmentally aware, and energy-efficient structures (old-new
natural materials); and nanomaterials combined with nanotechnologies [2]. The
latter improves the quality and qualities of materials, thereby improving the environ-
ment and enabling the development of unique materials and architectural designs
with exceptional properties. Clay materials are undergoing a significant reevaluation,
not merely as traditional building blocks but as vital contributors to the advancement
of sustainable construction practices.

The reevaluation of clay materials in construction reflects their attributes of energy
efficiency, durability, and a minimal environmental footprint. According to Sev, the
construction industry is critical in pursuing sustainable development by harmoniz-
ing economic growth with social progress and ecological conservation, employing a
life cycle approach to sustainability [3]. This framework is founded on the principles
of resource efficiency, lifecycle-oriented design covering the entire lifespan of con-
struction projects, and the prioritization of human well-being alongside ecological
health. A comprehensive historical analysis explores the usage of clay in construction,
tracing its origins from ancient civilizations to its pivotal role in architectural evolu-
tion. Fernandes et al. argue that clay masonry represents one of the most ancient and
enduring construction techniques, highlighted by its systematic evolution during the
Mesopotamian, Egyptian, and Roman periods, with significant advancements in the
Roman era enhancing the functionality of clay bricks [4]. This tradition has not only
persisted but has been refined through the medieval period to the present, illustrating
the material’s adaptability and the unchanged simplicity that initially facilitated its
adoption. Despite facing numerous environmental challenges across centuries, includ-
ing extreme weather conditions and mechanical wear and tear, clay brick structures
have demonstrated remarkable resilience, which is evident in their preservation and
functionality in the 21st century. The discussion then progresses to a detailed categori-
zation of contemporary clay-based materials, encompassing traditional bricks, terra-
cotta, and synthesized clay composites. La Noce et al. highlight the increasing energy
demands and consequent resource depletion, pointing out that interventions in the
built environment are crucial for addressing these issues. Current evaluation methods
primarily assess buildings based on their operational energy consumption and emis-
sions, underscoring the need for comprehensive approaches encompassing construc-
tion materials’ environmental impacts throughout their lifecycle [5]. However, a
building operates as an open system, involved in an ongoing flow of energy, materials,
and social and economic connections with its environment, extending beyond its
period of use. Therefore, improving a building’s energy efficiency requires a compre-
hensive analysis of these interactions across the project’s entire lifespan, organizing
this communication to promote a more environmentally friendly architectural future.

In contemporary architectural practices, it is imperative to comprehend the
nuanced characteristics of diverse materials and their critical roles in fulfilling the
esthetic, structural, and ecological demands of modern architecture. This analysis
focuses on recent technological advancements that have significantly transformed
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the production and application of clay-based materials. Advanced manufacturing
techniques have been developed to enhance the physical properties of these materials
while concurrently reducing their environmental impact. Among these innovations,
Barry Berman’s research underscores the adoption of 3D printing technology in the
construction industry. This method enables the cost-effective production of custom-
ized items in small batches. Further scholarly discussion suggests that 3D printing
may substantially reduce the logistical advantages traditionally associated with
manufacturing in economies with lower labor costs, primarily by minimizing the
labor force required in production facilities.

This analysis showcases the evolving landscape of material science in architecture.
It posits a future where sustainable and personalized construction methods become
increasingly prevalent, reshaping our approach to architectural design and its envi-
ronmental impact [6]. This section examines the synergistic relationship between
traditional material science and contemporary sustainable construction practices. It
delves into environmentally sustainable methodologies for utilizing clay, emphasiz-
ing lifecycle analysis, thermal efficiency, and the contributions of clay materials
to enhancing indoor environmental health. In this context, Hussain, Anwar, and
Mohammad Arif Kamal posit that within the dynamic landscape of the construction
industry, planners, architects, engineers, and builders are pursuing innovative mate-
rials and technologies for future building projects. These innovations deliver many
benefits, including enhanced energy efficiency, conservation of resources and water,
improved indoor air quality, reduced life cycle costs, and augmented durability [7].

This discourse emphasizes the essential integration of sustainable materials such
as clay into architectural designs, addressing the ecological challenges of modern
construction while enhancing occupant health and well-being. Clay is portrayed
as crucial in evolving construction techniques that align with global sustainability
goals. The narrative includes case studies that illustrate intentional uses of clay in
cutting-edge architectural designs, notably Saeed Sakhdari’s innovative approach that
combines 3D printing technology with clay, utilizing post-tensioning techniques to
create structurally reinforced clay artifacts. This novel method synergistically blends
the natural flexibility of clay with the enhanced stability provided by post-tensioning,
showcasing a pioneering approach to construction methods [8]. The chapter aims
to construct a pavilion visually demonstrating the system’ effectiveness in practical
scenarios, highlighting how innovative solutions leverage clay’s distinctive properties
to tackle esthetic, structural, and ecological challenges.

Moreover, the text explores the barriers to widespread clay usage in the construc-
tion industry, including structural, financial, and regulatory challenges. It advocates
for a comprehensive strategy that encompasses enacting new regulations, initiating
educational campaigns, and encouraging technological advancements to address
these issues. This approach is designed to hasten the broader integration of clay
materials into sustainable construction practices and underscores the necessity for
collaborative efforts among policymakers, educators, industry stakeholders, and
researchers. In conclusion, the chapter calls for a reevaluation of the role of clay
materials in architectural design and construction, advocating for innovative and
environmentally conscious methodologies. This theory proposes that by strategically
utilizing clay, technical advancements, and ecological principles, we may significantly
contribute to attaining sustainable development objectives. This vision advocates for
a paradigm shift in the way we design eco-friendly and efficient spaces that are also
esthetically pleasing. It represents a new age in sustainable design and construction
that adheres to ecological stewardship and technology innovation concepts.
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2. Clay in sustainable architecture: bridging innovation and global goals
2.1 Foundational strategies for eco-friendly building practices using clay

The use of clay in environmentally responsible building practices, which has been
around for millennia, is gaining renewed interest in contemporary architecture due
to its numerous advantages regarding the environment, the economy, and society
[9]. This approach is rooted in principles prioritizing using locally sourced resources,
energy efficiency, and long-term durability throughout construction. Clay, a naturally
abundant material, is recognized for its excellent thermal mass properties, contribut-
ing to substantial energy savings in construction by maintaining consistent interior
temperatures [10]. Furthermore, clay materials are renowned for regulating indoor
humidity levels, enhancing air quality and occupant comfort. Throughout its lifecycle
in the construction industry, from extraction and processing to disposal or recycling,
clay has a minimal environmental impact [11]. Some examples of sustainable prac-
tices include minimizing waste during the manufacturing process and increasing the
ability of a structure to be recycled once it has reached the end of its useful life. In
architecture, including clay materials often reflects a deep respect for local environ-
ments, cultures, and traditional construction techniques [12]. Utilizing clay promotes
ecological sustainability and supports the continuity of social and cultural practices.
Economically, sustainable clay construction aims to reduce operational costs associ-
ated with heating and cooling, bolster local businesses, and create durable buildings
that necessitate minimal maintenance over their lifespan [13]. This holistic approach
to building with clay highlights its crucial role in developing resilient communities
equipped to address the challenges posed by climate change and resource scarcity.
Employing clay in sustainable building practices exemplifies a comprehensive strat-
egy aligned with global sustainability objectives [14]. Using clay’s inherent benefits
to generate environmentally friendly, economically feasible, and socially helpful
structures is crucial to sustainable design and construction because it uses clay’s
already-existing qualities.

2.2 The exploring architectural innovations and practices for sustainable
development goals: integrating clay as a sustainable material

The relationship between the Sustainable Evolution Goals (SDGs) and architec-
ture highlights a critical connection in the evolution of the built environment. This
connection underscores the pivotal role that architectural practices play in meeting
global sustainability standards [15, 16]. Introduced by the United Nations in 2015,
the Sustainable Development Goals (SDGs) succeed the Millennium Development
Goals (MDGs), aiming to address their unmet targets by expanding their agenda. The
SDGs are designed to eradicate poverty, protect the environment, and foster global
peace and prosperity by 2030, establishing a broad framework for the well-being
of humanity and the planet. This framework emphasizes the urgent global issue of
severe poverty and promotes worldwide peace and freedom [17]. Within this strategic
framework, architecture directly contributes to specific objectives, such as promoting
sustainable cities and communities (Goal 11), supporting responsible consumption
and production (Goal 12), and facilitating collective action against climate change
(Goal 13). The Sustainable Development Goals, in conjunction with the New Urban
Agenda, recognize the crucial significance of urban settings in promoting sustainable
development. However, national governments officially approved these frameworks,
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which required modification or localization to execute these agendas successfully at
the municipal or local level. This highlights the importance of developing customized
approaches that synchronize national goals with specific local conditions, enabling the
implementation of these worldwide aims in various urban settings [18]. Architecture
significantly contributes to sustainable development by engaging in sustainable urban
planning, constructing energy-efficient buildings, and utilizing eco-friendly materi-
als like clay. Recognized as a crucial element for environmental sustainability, green
construction leverages locally sourced, eco-friendly building materials that adhere to
eco-design principles. This approach fosters habitats that promote healthy living and
respect the cultural and architectural heritage, which is vital in conserving natural
resources and aligning with broader sustainable development goals [19].

Moreover, sustainable design aims to reduce the environmental impact of built
environments by optimizing materials, energy, and spatial usage. This strategy extends
to the environmentally conscious renovation and adaptive reuse of existing structures
to meet stringent ecological standards. Clay is particularly notable in sustainable design
for its abundant availability, energy-efficient production processes, and superior ther-
mal properties, making it a model material for sustainability in architectural practices.
The utilization of clay in architectural projects, including conventional brickwork
and novel clay composites, supports the Sustainable Development Goals (SDGs) by
improving the effectiveness of construction, minimizing waste, and harnessing renew-
able resources. On the other hand, the urgent worldwide problem of environmental
deterioration and the limited availability of resources has caused a change toward
sustainable and circular economic processes in many industries.

The roofing and composite sectors are integral to the building and infrastructure
industries, significantly contributing to the shift toward sustainability. This trend
demonstrates a broader commitment to sustainable practices, transforming construc-
tion techniques by adopting materials and methods that reduce environmental impact
and conserve resources [20]. In line with Goal 11, which advocates for cities to be
sustainable, inclusive, resilient, and safe, using clay materials allows architects and
urban planners to create spaces that enhance accessibility, emphasize environmental
stewardship, and foster community engagement, ultimately improving urban life
quality. Through the incorporation of green building methods, the improvement of
walkable surroundings, and the facilitation of efficient public transportation net-
works, the adaptability of clay enables sustainable urbanization. Goal 12 advocates
for responsible consumption and production, corresponding to using clay in con-
struction. This material choice exemplifies a commitment to sustainability, reducing
environmental impacts using recyclable and durable materials [21]. Employing clay
in construction not only diminishes ecological degradation but also supports prin-
ciples of the circular economy by facilitating extensive material reuse and recycling
opportunities. Consistent with Goal 13, which focuses on climate action, structures
incorporating clay help mitigate the effects of climate change. Due to its high thermal
mass, clay is used to construct buildings that maintain stable temperatures, naturally
cooling in the summer and retaining warmth in the winter. This attribute decreases
the dependency on mechanical heating, ventilation, and air conditioning (HVAC)
systems, thus lowering emissions of greenhouse gases.

One way to lessen the environmental toll of building materials is to adopt sus-
tainable methods for extracting and treating clay. Incorporating clay into building
procedures by the SDGs framework reveals a well-thought-out approach to achieving
social, economic, and environmental sustainability. Using a creative approach that
places clay at the center of its construction, architecture guides society toward a more
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equitable and sustainable future, ensuring that our world is managed responsibly for
future generations [22].

3. Figurative synthesis of sustainable design elements: interconnecting
chromatic strategies, spatial quality, and biophilic principles within clay
architecture

3.1 Clay integration in biophilic design: a multidisciplinary approach for
sustainable architecture

Clay, a material deeply ingrained in the annals of human history, has experienced
arenaissance within biophilic architecture. Biophilic design, a topic in architectural
discussions, advocates for the restoration of a deep and inherent bond between
humans and the natural world. This is accomplished by intentionally combining natu-
ral materials, maximizing natural light, including greenery, and using other features
that evoke the outdoors [23]. The technique is grounded in “Biophilia,” a concept that
describes humans’ intrinsic emotional connection with biological systems influ-
enced by evolutionary learning processes. This affinity prompts diverse emotional
responses, such as attraction, rejection, serenity, and anxiety, often induced by fear.
The increasing incorporation of biophilic principles into design practices hasled to a
deeper understanding of their capacity to substantially enhance physical and mental
well-being, diminish stress, and stimulate creativity. Despite the increasing interest in
this topic, scholars still need to clarify the psychological effects of real vs. fake natural
elements in indoor settings on people’s health and well-being [24, 25]. The incorpora-
tion of clay in biophilic architecture is highly esteemed. Its resurgence in contempo-
rary construction represents a nod to tradition and a strategic choice aligned with
the core principles of sustainability, wellness, and ecological consciousness inherent
to biophilic design. This reassessment of clay represents a broader recognition of
biophilic elements’ potential to enhance physical and mental health, satisfaction, and
productivity in communal workspaces and educational settings. A research method-
ology was developed to empirically assess these claims, based on the Flourish Model.
This approach involved collecting qualitative data through interviews, quantitative
indoor environmental quality (IEQ) measurements, and post-occupancy evaluation
(POE) feedback. This methodological framework aimed to comprehend how incor-
porating biophilic design, mainly through clay, thoroughly influences the interior
environment and, therefore, the experiences and results of those residing in these
areas [26]. The integration of clay within biophilic architecture extends beyond mere
esthetic appeal, embodying a holistic approach to sustainable design. Its significant
thermal mass is pivotal in passive climate regulation, absorbing and dissipating heat
to naturally balance indoor temperatures and minimize reliance on artificial heating
and cooling systems. Over the past decade, the concepts of ‘nature’ and biophilic
design have garnered increasing interest in the architectural community, particularly
in response to escalating environmental concerns. Despite this growing focus, there
remains to be more debate and uncertainty over how ‘nature’ is conceptualized and
implemented in both practical and research contexts [27]. Additionally, contributing
to the construction of comfortable living and working settings that are in tune with
natural cycles, this skill improves energy efficiency and creates such surroundings.
Clay’s hygroscopic properties facilitate the regulation of indoor humidity, as it absorbs
surplus moisture in humid environments and releases it under drier conditions.

8



Contemporary Innovations and Sustainable Practices in the Application of Clay Materials...
DOI: http://dx.doi.org/10.5772/intechopen.1005787

This capability is crucial for mitigating mold growth and the proliferation of airborne
pathogens closely associated with respiratory health challenges. Figure 1 conceptual-
izes the interrelationships between various aspects of architectural design, focusing
on clay architecture. Central to the diagram is ‘Clay Architecture, positioned as the
foundation from which the other concepts radiate, emphasizing its pivotal role in
sustainable and innovative building design.

Clay’s inherent capacity to regulate indoor air quality is vital, as it reduces mold
proliferation and airborne disease transmission. Additionally, the psychological
benefits conferred by clay within the biophilic design are considerable. The material’s
tactile properties and organic colors establish a strong connection with the natural
environment, fostering calmness and enhancing mental well-being among users.
Research findings underscore substantial evidence supporting certain aspects of
biophilic design, notably including natural elements. Nevertheless, further empirical
research is necessary to substantiate other dimensions, such as the employment of
natural materials or processes [28]. In biophilic design, this psychological comfort
is of utmost importance. This approach to design considers the psychological and
cognitive connections associated with architectural spaces to be just as important as
the physical and functional qualities of the rooms.

Clay is a versatile building material that offers architects and designers significant
technical and artistic latitude. It can be utilized across a wide range of construction
applications [29]. Clay is a versatile material that can be transformed into multiple
structural and esthetic forms. This includes the production of bricks that can support
weight, walls that can store heat, and advanced tiles and facades, all of which contrib-
ute to improving the presence of natural elements in architecture. Clay is employed
in various capacities, including constructing durable structures, fabricating standard
building walls, decorating interior and exterior surfaces, producing paving materials,
and integrating them into contemporary artworks. This extensive array of applications
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Figure 1.
Synergistic approaches to clay architecture and biophilic design within sustainable urban development.
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underscores clay’s remarkable versatility in facilitating diverse architectural expres-
sions [30]. Adobe, considered one of the oldest bricks in the Western Hemisphere,
explains the lasting significance of clay in the development of construction materi-

als and architectural techniques. This innate adaptability enables the creation of
structures that are responsive to the environment and aligned with cultural and
contextual factors, reflecting concepts of biophilic design. It facilitates a sophisticated
connection between the constructed surroundings and natural and socio-cultural
ecosystems. Academic conversations emphasize the revival of clay in architecture

that promotes a connection with nature while aligning with sustainable develop-

ment goals and the building industry’s need to reduce environmental impact. Clay is

a cornerstone in biophilic design. It is valued for its abundant availability, potential

for local production, and recyclability, harmonizing with the principles of a circular
economy and low-impact architecture. Its use in construction markedly diminishes the
environmental footprint of buildings, fostering biodiversity preservation and natural
resource conservation, thereby aligning with overarching sustainability objectives.
The incorporation of clay in biophilic architecture embodies a comprehensive building
approach that deeply recognizes and honors the innate human inclination for connec-
tion with the natural surroundings. This method addresses the environmental and
health challenges of sustainable living while enriching architectural design’s esthetic
and cultural dimensions. Clay exemplifies the integration of traditional materials with
contemporary design principles to forge sustainable, nature-connected living spaces.
This approach in architectural design advances beyond mere functionality, emphasiz-
ing deep respect for and integration with the natural environment, promoting a model
of sustainability and meaningful engagement with nature.

3.2 Clay chromatic strategies and biophilic principles in clay architecture: an
integrative approach to sustainable building design

The use of clay and color in contemporary architectural practices extends beyond
mere esthetic considerations, necessitating a detailed exploration of their impact on
built environments’ functionality and emotional resonance. The subjective experi-
ence of perceiving different hues and color combinations is also recognized. Jaglarz
highlights the crucial significance of color as a critical element in the arrangement of
architectural spaces, exerting a substantial impact on the observer’s perception [31].
This acknowledgment underscores the significance of color in architectural design,
mainly due to the challenges in predicting color esthetics. It highlights color’s profound
influence on human perception, cognition, emotions, and behavior. The literature
evaluations and survey data provide valuable insights and conclusions as a founda-
tion for defining different color strategies in architectural design. The discussion is
enhanced by including the ideas of biophilic design, which promotes using natural
materials and processes in architectural structures to cultivate a mutually beneficial
interaction between humans and their natural environment. Amjad and Asaad classify
their work into three primary categories: Nature in Space, Natural Analogues, and
Nature of Space, while introducing an initial set of ‘biophilic conditions. The scien-
tific foundation of biophilic design has since been expanded and deepened through
advances in related fields such as neurology and endocrinology [32]. An in-depth
examination is required to understand how combining chromatic schemes and bio-
philic design principles in clay architecture affects clay structures’ spatial quality and
environmental sustainability. Here, it is necessary to investigate the complex interac-
tion between architects, artists, and manufacturers and the fundamental principles of

10



Contemporary Innovations and Sustainable Practices in the Application of Clay Materials...
DOI: http://dx.doi.org/10.5772/intechopen.1005787

biophilia, particularly within the context of Ivrea. Amjad and Asaad’s research clari-
fies that biophilic design goes beyond simply incorporating plants into architectural
structures or choosing pleasing color combinations. It dramatically expands the range
of architectural variety by including a wide range of natural components that involve
the physical, sensory, symbolic, morphological, material, and spiritual dimensions

of human experience [33]. This discussion highlights the importance of using color,
clay materials, and natural features in architectural design. This highlights how such a
comprehensive approach enhances buildings’ physical and visual aspects and imbues
urban environments with more liveliness and a shared identity. The combination of
these elements has been shown to significantly impact the overall design and char-
acter of places, resulting in a more unified and inviting atmosphere in urban areas.
Moreover, this discourse expands to include the significant influence of esthetic beauty
on the overall welfare of society, placing it as a crucial factor for promoting explora-
tion, acquisition of information, education, and curiosity. The deliberate choice of
materials that align with the functional nature of buildings is believed to significantly
enhance structures’ esthetic appeal and long-term viability, thus contributing to their
overall beauty and sustainability [34]. These buildings are portrayed as essential ele-
ments of the city, representing the essence of civilization and highlighting the direct
connection between establishing cultural and educational spaces and the sustainable
growth of metropolitan areas. This perspective underscores the critical importance of
these structures in improving urban environments, especially on city outskirts where
development disparities frequently occur. The Olivetti era was marked by an inventive
approach characterized by the strategic use of color combined with biophilic elements
[35]. Figure 2 represents a conceptual framework depicting the interrelations between

Biophilic
architecture

Clay
Architecture

Chromatic
Strategies

Spatial
Quality

Figure 2.
Triadic framework of clay architectuve: synthesizing chromatic strategies, spatial quality, and biophilic principles.
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various architectural design elements centered around clay architecture. The triangle
represents a stable structure with clay architecture as the foundational base, suggest-
ing its central role in architectural practice.

This ethos, characterized by the seamless integration of esthetic appeal, techno-
logical innovation, and environmental consciousness, promotes the development of
community identities through the meticulous application of these principles [36].
The transformational potential of color and biophilic design in architecture is brought
to light by this research, which advocates for the purposeful incorporation of these
aspects as essential components in sustainable urban planning and design approaches.
The chapter highlights the crucial relevance of biophilic principles in decreasing the
ecological footprint of buildings, boosting biodiversity, and improving human well-
being. These goals may be accomplished by emulating the richness and diversity of
natural habitats inside architectural structures. As a result, this inquiry substantially
contributes to the architecture debate by creating a paradigm that promotes sustain-
ability, health, and esthetic richness in the built environment. This paradigm aligns
with the overarching aims of resilient and harmonious urban life [37].

4. From earth to innovation: analyzing clay’s evolution in architecture
from traditional methods to smart adaptive solutions

4.1 Innovative applications of clay in modern architecture: case studies and
sustainability insights

An enhanced understanding of the innovative application of traditional materi-
als in contemporary architectural practices can be achieved by examining modern
clay architecture via case studies. This approach underscores the material’s diverse
utility in fostering sustainability, esthetic appeal, and environmental integration.
Additionally, exploring new alternatives and technological solutions in designing
contemporary individual houses using clay architecture is essential. Clay, recognized
as a natural and eco-friendly building material, is experiencing a resurgence in
modern projects due to its ecological and esthetic advantages, garnering the attention
of an increasing number of architects. Contemporary research efforts are concen-
trated on augmenting its durability and strength, aiming to render clay a competitive
and viable material for contemporary architectural endeavors [38]. Clay’s flexibility
in current building technologies is brought to light by this research, emphasizing
the significant contributions that clay has made to ecological design and sustainable
urban development. In the School of Art and Design setting in Saint-Etienne, France,
which LIN Architects built, terracotta cladding appears to blend esthetic refinement
with practical functionality and sustainability. The concept leverages terracotta’s
insulating properties to enhance energy efficiency by minimizing reliance on artifi-
cial climate control systems and offering a visually appealing exterior. This chapter
demonstrates the twin benefits that clay materials offer in contemporary architecture:
their contribution to the visual character of the structure as well as their function
in the conservation of energy within the building. Similarly, the Earth Architecture
Project, which the Nka Foundation in Ghana is carrying out, is an example of how
local clay resources may be utilized to promote environmentally responsible and
culturally significant methodologies for construction. The Nkabom House presents
an innovative approach to sustainable building in Ghana, utilizing earth construction
and recycling methods. As depicted in Figure 3, this case study exemplifies using
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Figure 3.
The Nkabom House: a model for sustainable earth construction and recycling in Ghana.

local materials and traditional techniques to create a cost-effective, environmentally
friendly structure aligned with the region’s cultural context and climatic conditions.
Because of this endeavor, the material’s diversity is highlighted in its ability to pro-
vide cost-effective, environmentally harmonious, and culturally relevant architectural
solutions. This project presents a scalable and sustainable architectural development
paradigm that integrates contemporary design principles with traditional mud-brick
techniques, applicable in politically and economically similar regions. Additionally,
Potter’s House in Australia, designed by Peter Southbury Architecture, exemplifies the
strategic use of clay bricks and tiles for thermal efficiency and esthetic integration with
the landscape. This approach highlights the thermal mass advantages of clay, facilitat-
ing natural temperature regulation within the building [39]. The project highlights
the symbiotic link between contemporary clay architecture and the natural setting in
which it is situated, highlighting the material’s role in addressing issues of sustainabil-
ity and place-making. When taken as a whole, these case studies contribute to a more
in-depth comprehension of the capability of contemporary clay architecture to meet
contemporary concerns relating to sustainability, environmental stewardship, and
cultural continuity. These projects underscore the enduring relevance of traditional
materials within contemporary architectural discourse by redefining the application of
clay in building structures. Additionally, they provide valuable insights into integrat-
ing sustainability principles within the architectural design of the built environment
[40]. Table 1 provides a comprehensive overview of the project name, the architect or
organization responsible, the significant characteristics of the project in terms of clay
utilization, and valuable insights into the sustainability contributions of each project.
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Project Architect/organization Key features Sustainability insights

School of Art LIN Architects Terracotta Reduces dependency on

and Design, cladding, insulating artificial climate control and

Saint-Etienne capabilities, energy contributes to sustainable urban
efficiency, esthetics, development.

and sustainability.

Earth Nka Foundation Local clay resources Promotes environmentally

Architecture are environmentally responsible construction

Project, Ghana responsible, and scalable and sustainable
culturally significant, architectural development.

and cost-effective.

Potter’s House, Peter Southbury Clay bricks and tiles, It highlights the thermal

Australia Architecture thermal efficiency, mass benefits of clay and
esthetic harmony addresses sustainability and
with terrain, place-making.

natural temperature
regulation.

Table1.
Sustainable architectural innovations: a study of terracotta, earth, and clay constructions.

4.2 A comparative study of traditional and modern architectural techniques with
afocus on clay materials

The transition from traditional to contemporary architectural practices presents
arich domain for in-depth comparative scrutiny, illuminating the profound influ-
ences of technological progress, advancements in materials science, and heightened
environmental awareness on the architecture and construction industries. Despite
the construction sector’s inherent conservatism and risk aversion characteristics, this
analysis concentrates on incremental enhancements attainable throughout the value
chain. Notably, the adoption of supplementary cementitious materials and the opti-
mization of cement’s clinker content are emphasized. Crucially, it is posited that the
aggregate impact of these incremental improvements could significantly contribute
to mitigating greenhouse gas emissions by as much as 50%, contingent upon com-
prehensive stakeholder engagement [41]. Consequently, it is essential to highlight the
varied methodologies and materials used across different eras, reflecting the evolv-
ing objectives and challenges architects and builders face. Traditional architectural
practices, deeply rooted in local cultures, climates, and readily available materials like
stone, wood, and clay, inherently address environmental and societal demands with
a focus on sustainability. For example, using clay exemplifies this commitment to
eco-friendliness, with its superior thermal mass properties facilitating natural heating
and cooling, thereby emphasizing the sustainability inherent in traditional techniques.
These approaches also incorporate passive solar design, natural ventilation, and other
environmentally conscious strategies aligned with contemporary sustainable design
principles. The pressing concern of climate change and the imperative to mitigate
CO, emissions have significantly influenced the selection of outdoor plant species.
Consequently, evaluating CO,’s environmental effects on plants has become integral
to the decision-making process. Significantly, mitigating greenhouse gas (GHG)
emissions from buildings is crucial in addressing the impacts of climate change and
energy shortages [42]. However, while traditional methods excel in environmental
compatibility and cultural significance, they often must catch up to modern practices’
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precision, durability, and scalability. Conversely, modern architectural techniques are
characterized by the innovative use of concrete, glass, steel, and advanced versions of
clay materials. These contemporary practices enable greater design flexibility, allowing
for the construction of taller and more complex structures. Introducing engineered
clay products, such as intelligent clay bricks that can adapt their properties to environ-
mental changes, exemplifies the integration of traditional materials with cutting-edge
technology [43]. Moreover, computational design tools enhance energy efficiency and
structural integrity, addressing today’s sustainability and climate resilience demands.
However, the reliance on industrial materials and processes can sometimes lead to
increased carbon footprints and a detachment from local context and heritage. Table 2
offers a comparative analysis of traditional versus modern architectural techniques,
emphasizing the evolution of materials and methodologies, focusing on clay materials.

The comparative analysis of traditional versus modern techniques, especially
considering the role of clay materials, reveals a continuum of trade-offs between
cultural continuity, environmental sustainability, and technological innovation [44].
While traditional methods offer deep connections to place and environment, modern
techniques solve the challenges of urbanization and climate change. Bridging these
diverse approaches by leveraging the strengths of each suggests a pathway toward
architectural practices that are more sustainable, resilient, and culturally enriched.
This synthesis not only narrows the gap between past and present but also clears the
way for future innovations that respect heritage while embracing progress, with clay
materials serving as a testament to the enduring relevance of natural resources in the
built environment [45].

Aspect

Traditional architectural techniques

Modern architectural techniques

Core Materials

Stone, wood, clay

Concrete, glass, steel, advanced clay products

Methodology Direct response to environmental and Innovative use of materials for flexibility,
societal needs, sustainability-focused construction of complex structures

Sustainability High, with practices like passive solar Variable aims for energy efficiency and climate
design, natural ventilation resilience but higher carbon footprints

Technological Low focuses on natural and locally High, employs computational design tools,

Integration available materials engineered materials

Environmental Low, utilizes eco-friendly materials Potentially high due to industrial processes and

Impact and methods materials

Cultural Deeply ingrained in local cultures and Sometimes detached from local context and

Significance traditions heritage

Scalability and Limited by materials and techniques Enhanced by technological advancements

Durability

Flexibility in Constrained by materials and High, allowing for taller and more intricate

Design traditional methods designs

Innovation Emphasizes sustainability and Integrates cutting-edge technology with
traditional knowledge traditional materials like clay

Goal To achieve sustainability and fulfill To address urbanization and climate change
societal needs within environmental challenges, enhancing structural integrity
constraints

Table 2.

Comparative analysis of traditional and modern architectural techniques: emphasizing the evolution and
application of clay materials.
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4.3 Advancements in architectural design: the role of smart clay materials in
developing adaptive building solutions

Integrating intelligent clay materials into adaptable building solutions marks a
significant paradigm shift, blending the enduring qualities of traditional clay-based
construction with the transformative potential of contemporary technological inno-
vations. This synergistic approach has catalyzed the development of a new generation
of architectural methodologies, which exploit clay’s intrinsic thermal properties and
environmental sustainability, augmented by advanced technological systems [46]. By
facilitating the construction of buildings that are not only environmentally conscious
but also dynamically sensitive to changing climatic circumstances, these technologies
make it possible to create structures that maximize the comfort of their occupants
while reducing the amount of energy used. One of the most critical aspects of devel-
oping innovative clay materials is the introduction of embedded sensors and actuators
into traditional clay-building elements like bricks and tiles [47]. The materials can
autonomously monitor ambient environmental conditions, including temperature,
humidity, and light levels, allowing them to adjust their physical properties in real-
time. For example, the modulation of porosity in bright clay bricks, which makes
natural ventilation easier, is an example of a mechanism through which these materi-
als actively regulate the temperature inside the building. This reduces the reliance on
artificial heating and cooling systems, which in turn increases the ecological footprint
of the building. In addition, the adaptive capabilities of these materials go beyond
environmental management and include the structure’s robustness. Intelligent
clay materials bolster structural resilience against natural disasters, enhancing the
built environment’s safety and longevity. Recent advancements in clay composites,
engineered to mitigate seismic stresses, underscore their significant potential. The
research and development of these intelligent clay materials, integrated with adapt-
able building solutions, represents an innovative synthesis of traditional construction
techniques and contemporary technological innovations. This interdisciplinary
approach challenges established architectural paradigms and heralds a future where
buildings transcend their static functions, evolving into dynamic, sustainable habitats
that actively contribute to the well-being of their occupants and the broader envi-
ronmental context. This evolution highlights a captivating narrative of development
within sustainable design and the crucial role of new material science in defining the
future of built environments.

5. Integrating sustainability into clay construction: innovations,
strategies, and environmental impact

5.1 Exploring innovations in clay material research: bridging disciplinary
frontiers

New research trends in clay materials are transforming their applications and our
understanding across multiple scientific fields. This discussion emphasizes clay’s role
in advancing sustainable development, environmental engineering, nanotechnology,
and biological sciences, showcasing its cross-disciplinary importance and leading-
edge contributions. Clay-based materials are rapidly included in sustainable building
approaches because of their inherent thermal mass, durability, and eco-friendly char-
acteristics. Innovative research efforts are being directed at enhancing these features
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Field Impact of innovations in clay material research
Sustainable Enhancement of thermal mass, durability, and ecological sustainability in
Architectural construction methodologies.
Practices
Ecological Developing sophisticated filtration systems for water and soil remediation; efficient
Engineering sequestration of heavy metals and organic pollutants.
Advanced Material Synthesis and integration of clay nanoparticles within polymer matrices, yielding
Science composites with superior mechanical, thermal, and electrical properties.
Biomedical Pioneering contributions to tissue engineering, regenerative medicine, and targeted
Applications drug delivery mechanisms, leveraging biocompatibility and modifiable surface
chemistry.
Table 3.

Impact of clay material vesearch acvoss disciplines.

to mitigate the environmental repercussions of building operations [48]. Efforts

are underway to replace conventional construction materials with energy-efficient,
structurally sound clay composites. In ecological engineering, clay minerals’ adsorp-
tion properties are used to develop advanced filtering systems for cleaning water and
soil, effectively sequestering heavy metals and pollutants. This offers a sustainable
solution to environmental pollution. Meanwhile, combining clay nanoparticles into
polymers and composites in nanotechnology has produced materials with exceptional
mechanical, thermal, and electrical properties. Under their increased performance
metrics, such as lightweight characteristics, robustness, and better barrier func-
tions, these nanoclay composites significantly accelerate advancements in various
industries, including the automotive and electronics industries [49]. In addition, clay
materials are developing many applications in biomedicine, notably in tissue engi-
neering, regenerative medicine, and drug delivery systems. Table 3 illustrates how
clay material research advances sustainability, environmental health, technology, and
medicine. Highlighting clay’s role in innovative solutions underscores its significance
across multiple disciplines, addressing global challenges.

Clay particles help construct precise drug delivery systems and scaffolds that
stimulate cellular regeneration and tissue repair. Their biocompatibility and the fact
that their surface chemistry may be modified make clay particles an ideal material
for creating these mechanisms. In conclusion, the current advances in clay mate-
rial research are redefining material science and stimulating cooperation between
other fields of study to address global concerns. As a result of the exploration and
manipulation of clay materials, transformative solutions are being produced across
the spectrum of sustainability, environmental remediation, technological innovation,
and healthcare. This emphasizes clay’s pivotal role in advancing scientific knowledge
and improving societal well-being [50].

5.2 Unveiling the multifaceted impact of clay composite material research

The research of clay composite materials is a developing topic of inquiry, defined
by its tremendous potential to stimulate advances across a broad spectrum of sci-
entific and technical fields. These materials are being methodically developed to
improve their inherent qualities to meet the requirements of current applications
regarding sustainability, performance, and usefulness. The advancement of clay
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composites underscores a concerted effort toward environmental sustainability,
prioritizing materials with reduced ecological footprints [51]. Current research in
this domain focuses on synthesizing composites integrating bio-based or recycled
constituents, aiming to mitigate carbon emissions and energy consumption. This
strategic pursuit aligns with global sustainability imperatives and underscores a
dedication to ecological stewardship. Clay composites are pivotal in the construction
sector for enhancing material properties such as thermal insulation, fire resistance,
and moisture management. This transformative trajectory is substantiated by empiri-
cal evidence [52], showcasing the escalating adoption of clay composites in construc-
tion practices. Such adoption represents a paradigm shift in building methodologies
and augments occupant safety and well-being. Moreover, as delineated in scholarly
discourse [52], the integration of clay nanocomposites underscores a burgeoning
trend, particularly in high-tech industries such as electronics and aerospace. These
nanocomposites are meticulously engineered to exhibit exceptional mechanical

and thermal attributes, amplifying their applicability in cutting-edge technological
domains. Incorporating clay nanoparticles into polymers produces materials that dis-
play increased strength, flexibility, and resistance to environmental stresses. Table 4
shows the synergy between clay composites and sustainable development, highlight-
ing their role in construction, electronics, aerospace, and biomedicine for improved
performance and environmental sustainability.

As aresult, the durability and performance of electronic devices and aeronautical
structures are improved. In addition, the discipline of biomedicine is investigating the
possibility of employing clay composites in developing enhanced medicinal delivery
systems, regenerative medicine, and tissue engineering [53]. Researchers are creating
platforms for precise pharmacological drug delivery and cellular proliferation promo-
tion, utilizing clay’s biocompatibility and customizable surface characteristics. The
study trajectory of clay composite materials is defined by a convergence of material
science, chemistry, and engineering concepts, exemplifying a multidisciplinary
research approach [54]. Clay composites are emerging as essential contributors to this
endeavor, having the potential to alter industry practices, environmental sustainabil-
ity, and healthcare results. This may be attributed to the intensification of the search
for creative, sustainable, and high-performance materials.

Field Key objectives Impacts
Environmental =~ Minimize ecological footprint through bio- Aligns with global sustainability goals,
Sustainability based or recycled components, reducing carbon  demonstrating ecological stewardship.

emissions and energy usage.

Construction Improve thermal insulation, fire resistance, Contributes to safer, more energy-efficient
and moisture management to enhance energy buildings and enhanced occupant
efficiency and safety. well-being.

Electronics & Manufacture components with exceptional Increases durability and performance

Aerospace mechanical and thermal qualities using clay of electronic devices and aeronautical
nanocomposites. structures.

Biomedicine Develop enhanced medicinal delivery systems, It enables precise drug administration and
regenerative medicine, and tissue engineering promotes cellular proliferation and tissue
through biocompatible clay composites. regeneration.

Table 4.

Impacts of clay composite materials on sustainability and industry innovation.
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5.3 Toward eco-efficient construction: strategies for sustainable clay-building
practices

The imperative to mitigate the construction sector’s environmental impact has
spurred a reassessment of traditional materials. Clay has emerged as a focal point
due to its minimal ecological footprint and abundant availability [55]. Strategies
integrating environmental science, material engineering, and sustainable develop-
ment concepts are essential for enhancing the sustainability of clay buildings. A
fundamental aspect of these strategies is the thermal optimization of clay materials.
The potential of clay’s thermal inertia to attenuate variations in the interior environ-
ment, hence lowering reliance on mechanical heating and cooling systems, has been
demonstrated through empirical research demonstrating this capacity. Advancements
in composite technology, which use bio-based additives or recovered materials, can
enhance heat resistance and correspond with the ideas of circular economies, which
reduce waste and promote resource efficiency. The second important factor is the
development of environmentally friendly methods for manufacturing bricks. Energy-
intensive and carbon-emitting are two characteristics that characterize conventional
kiln fire methods. On the other hand, novel initiatives, such as the use of alterna-
tive, low-energy fire systems that use solar energy or biomass, promise significant
reductions in the emissions of greenhouse gases. In the context of clay construction
materials, these technologies are illustrative of a change toward production paradigms
that are more environmentally friendly and embrace the ideals of green manufactur-
ing. Additionally, incorporating green building standards specifically customized to
clay construction materials is essential to promote sustainable practices. By imposing
stringent requirements on energy use, material sourcing, and lifetime emissions, these
standards incentivize the construction sector to adopt ecologically beneficial meth-
ods. Certification programs are pivotal in cultivating a market for environmentally
responsible clay-building solutions, fostering innovation and environmental steward-
ship within the industry [56]. The revival of traditional clay construction techniques
in modern architectural practices embodies a sustainable innovation strategy. When
reimagined with contemporary engineering and sustainability standards, techniques
such as cob, wattle, and daub offer viable pathways to reduce the building industry’s
ecological footprint, characterized by their minimal environmental impact and energy
efficiency. Implementing a multidimensional strategy incorporating material innova-
tion, sustainable manufacturing processes, regulatory frameworks, and the rehabilita-
tion of traditional methodology is required to enhance clay construction sustainability
strategically [56]. This comprehensive viewpoint, supported by research from vari-
ous disciplines, is of the utmost importance in increasing the ecological viability of
buildings based on clay. This, in turn, contributes to the overall goals of sustainable
development and environmental conservation within the built environment.

6. Conclusion

The chapter thoroughly examines the changing role of clay materials in archi-
tecture, focusing on sustainability and creativity. The process starts with a compre-
hensive historical analysis, emphasizing the traditional importance of clay and its
subsequent evolution into a modern construction substance. The essay delves into
technical advancements enhancing clay’s properties, notably its heightened durabil-
ity and energy efficiency. These advancements render clay an appealing choice for
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modern architects and builders, facilitating the creation of esthetically pleasing and
environmentally sustainable structures. Additionally, the chapter explores using clay
materials with other sustainable techniques, such as passive cooling and heating,
demonstrating how clay enhances energy-efficient architectural designs. The text
showcases many case studies that show the effective utilization of these materials in
diverse architectural endeavors around the globe. These examples underscore clay’s
adaptability in meeting modern construction needs, like reducing carbon footprints
and enhancing building performance. A comprehensive analysis examines barriers
impeding clay’s widespread adoption in the industry, including structural limita-
tions, financial considerations, and regulatory hurdles. The chapter advocates for a
comprehensive approach to address these problems, including regulatory reforms,
enhanced research and development, and public awareness campaigns to cultivate
the acceptance of clay as a feasible and desirable material in sustainable design. The
chapter’s conclusion serves as both an appeal to act and a contemplation on the trans-
formative capacity of clay materials in the construction sector. The text emphasizes
the significance of adopting inventive methods and fostering cooperation among
architects, engineers, policymakers, and communities to use clay’s capabilities fully.
The essay implies that by consistently introducing new ideas and executing them in
a well-planned manner, Clay may substantially contribute to attaining sustainable
development objectives, especially regarding urbanization and climate change. This
comprehensive synthesis highlights the necessity of a fundamental shift in construc-
tion processes, asking the industry to reevaluate conventional materials such as

clay in response to contemporary technological advancements and environmental
obstacles. The chapter presents a compelling case for the significant contribution that
clay, with its extensive historical background and unexplored possibilities, can make
in constructing a constructed environment that is both ecological, efficient, and
esthetically pleasing.
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Nanoclays as Fillers for
Performance Enhancement

in Building and Construction
Industries: State of the Art and
Future Trends
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Abstract

In construction engineering, there is currently a strong emphasis on finding
construction materials, mainly the binder which plays a crucial role, that meet
multiple criteria, including sustainability, cost-effectiveness, durability, and reduced
environmental impact. However, there is a growing interest in exploring alternatives
to traditional binders to address the limitations associated with their production and
use. One such alternative is the use of naturally occurring materials like clay. Clay
deposits are abundant and widely available, making them a sustainable resource for
construction applications. Moreover, clay contains significant amounts of silica and
alumina, which are key components for inducing pozzolanic reactions that contribute
to the strength and durability of concrete. In recent studies, nanoclays (NCs) have
emerged as a promising addition to construction materials as supplementary cementi-
tious materials. These nanoparticles possess unique properties that can enhance the
performance of concrete. Nanoclays significantly improve the compressive strength,
sustainability, and durability of concrete structures. The high surface area and
reactivity of nanoclays facilitate better bonding between cement particles, resulting
in enhanced mechanical properties. This chapter aims to discuss the state of the art
on performance enhancements of building materials that employ different types of
nanoclays in place of conventional binders and the future trends.

Keywords: nanoclays, cement, bitumen, geopolymers, sustainable construction

1. Introduction

Clay is a natural, fine-grained mineral that hardens upon drying and plastic
when moist, containing phyllosilicates and other substances that provide plasticity,
along with additional phases and organic matter [1, 2]. Clay properties, including
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mineralogy and composition, are influenced by formation conditions, parent rock
characteristics, and chemical transformations in volcanic ash [3, 4]. Clay miner-

als, originating from earth’s crust and atmosphere, have unique characteristics like
structure, fine particle size, and cation-exchange capacity, affecting water absorp-
tion, swelling, impermeability, and plasticity [5]. Clay, derived from the Greek word
“argilos,” is a fine-grained material with plasticity and hardening properties, formed
through weathering, the breakdown, and chemical decomposition of igneous rocks
[6]. Clay particles are formed through the long-term weathering and erosion of rocks
containing soil, ceramic clays, clay shales, glacial clays, and significant amounts

of detrital and transported clays [7, 8]. Clays and clay minerals form in various
geological environments like soil horizons, sediments, geothermal fields, volcanic
deposits, and weathering rock formations through physical breakdown and chemical
transformation [9, 10]. Clays are extensively utilized in various industries, including
refractory manufacturing, pottery/ceramic production, structural unit fabrication,
and fillers or extenders in various products [11]. Ancient civilizations valued clay
materials in construction, pottery, brick making, ceramics, paints, plastics, rubbers,
cosmetics, and pharmaceuticals, as they enhanced the performance and properties of
materials. Figure 1 [3, 12, 13]: as depicted below shows formation of clays.

As shown in Figure 2, clay minerals are categorized by their chemical environ-
ment at the interface between rocks and the atmosphere, leading to destabilization
and subsequent burial under high temperatures [14].

Clays are fine-grained 2D earthen minerals with a chemical composition of 60%
silica and 15% alumina, with other mineral oxides in the remaining fraction [15]. Clay
minerals in soil indicate site weathering and deposition history, providing insights
into geological processes in residual soils originating from local rock [16].

In the field of soil mechanics, some of the key properties of clays include hydraulic
conductivity, gas conductivity, ion diffusion capacity, swelling potential, compress-
ibility, and rheological properties [17]. Clay minerals in soil indicate site weathering
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Figure 1.
Process of clay formation [3].
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Layer silicates

Clay Minerals

1
Chain silicates Sesquioxides

Other minerals

palygorskite Carbonate
sepiolite sulphate
l | [ |
1:1 type 2:1 type 2:1:1 type Crystalline Metal Amorphous
Kaolinite Smecitite chlorite Oxides Metal Allophane
Halloysite Vermiculite hydroxides Imogolite
Mica Illite Metal oxides
Metal hydroxides
Figure 2.
Classification of clay minerals [7].
Primary properties Secondary properties

Chemical composition

Granulometric composition

Density

Adsorptive capacity

Hardness

Specific density

Surface properties

Abrasiveness

Color

Precipitation behavior

Wettability

Rheological performance

Plasticity

Swelling capacity

Cation exchange capacity Pore structure

Table 1.
Primary and secondary properties of clay [18].

and deposition history, providing insights into geological processes in residual soils
originating from local rock [18]. Table 1 as shown below provides a comprehensive
overview of the primary and secondary properties associated with clay.

Clay nanoparticles are attracting interest due to their abundant natural avail-
ability, accessibility, effectiveness, and environmentally friendly characteristics.
With a small grain size and unique crystal structure, they possess exceptional
physicochemical properties such as a large specific surface area, surface charge, and
cation exchange capacity [19, 20]. Clay minerals are layered silicates, composed of
stacked aluminosilicate layers with high surface area, formed by fused tetrahedral and
octahedral sheets and unshared oxygen atoms in hydroxyl form [21].

Research shows that the physical properties of modified cementitious materials
are significantly influenced by factors like strength, porosity, mix composition, water
content, specimen geometry, nanoparticle type, and age [22]. Consistency in cohesive
soils is crucial for their strength, resistance to penetration, stability, and load-bearing
capacity, influencing construction and geotechnical engineering practices [23]. The
phyllosilicate structure’s fundamental unit is an aluminosilicate layer consisting of a
silica tetrahedral sheet and an alumina octahedral sheet, combined in specific pro-
portions [24]. Nanoclay fillers like carbon nanotubes, graphene, nanocellulose, and
nanosilica are renowned for their reinforcing properties, with clay being a notable
filler due to its composition of layered silicates/clay minerals [25]. Nanotechnology
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enhances concrete properties by preventing cracks, reducing shrinkage, minimizing
joint need, mitigating temperature curling, and reducing moisture loss warping [26].
Nano-sized silicon dioxide/nanosilica can enhance concrete properties by inhibiting
water penetration, increasing density, and reducing environmental impact associated
with concrete production and use [27]. Nanoparticles, including titanium dioxide,
carbon nanotubes, silica, copper, clay, and aluminum oxide, have the potential to
significantly improve the physical and chemical properties of construction materials
[28]. Nanomaterials in bridges, composites, reservoirs, roads, and buildings offer
benefits like reduced maintenance, thermal transfer, sound absorption, improved
glass reflectivity, corrosion resistance, and lower life-cycle costs [29]. Nanosilica
improves the interface between binding paste and concrete aggregates, enhancing
mechanical strength, reducing water absorption, and sorptivity due to fewer capillary
pores and pozzolanic activity [30].

Nanoparticles have been used in cement-based materials to enhance the perfor-
mance and durability of the concrete [31]. Nanoclays, also known as layered silicates,
are widely employed as nanofillers in the production of polymer layered silicate
nanocomposites. Phyllosilicates (2:1), a type of layered silicate, are particularly
favored and extensively utilized in the preparation of clay-based nanocomposites
[32]. The incorporation of nanoclay into concrete has gained worldwide recognition
in recent years, owing to its immense potential advantages and its growing signifi-
cance within the construction sector. The attention given to clay minerals is justified
by their abundance, accessibility, effectiveness, and ecological properties and have a
unique crystal structure, are recyclable, easy to use, and possess remarkable physi-
cochemical properties such as specific surface, surface charge, and cation-exchange

capacity [33].

2. Synthesis and modification of nanoclays
2.1 Clay minerals

Clay, a hard earth material, can significantly alter the chemical and isotopic
compositions of solid and fluid phases during weathering due to its unique layered
structure and potency as an ion exchanger [34]. It consists of mainly fine particles
of hydrous aluminum silicates and other minerals [35]. They can be found in many
different types of habitats, including deep-sea sediments, lakes, estuaries, soils,
weathering profiles, and hydrothermal systems [36]. Clays are typically made up of a
diverse array of minerals, often mixed with other minerals and organic materials like
feldspar, quartz, calcite, and organic matter [36-38]. Although these contaminants
are important to the physicochemical characteristics of clays, their presence in high
concentrations has a detrimental effect on clays’ performance [3]. They are used in
a number of industries such as biomedical [39], health care [40], construction [28,
41-44], environmental remediation, food packaging [45, 46], clothing and paints
[47], soil fertility [48], etc. This chapter only focuses on the advancements of clay
minerals (nanoclays) in construction industries.

2.2 Synthesis and modification of nanoclays

Nanoclay is a component of phyllosilicates, mainly defined by the presence of
silicon, oxygen, and other elements. It comes from natural sources and has undergone
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subsequent chemical processing [48]. Nanoclay is made up of thin layers, each of which
is between one and several nanometers thick and between several hundred and several
thousand nanometers long [49]. There are a number of methods for synthesizing
nanoclay, such as in-situ polymerization, melt-blending, and solution-blending [50].
The solution-blending approach is combining a polymer solution with nanoclay and
then letting the solvent evaporate [51]. The melt-blending technique entails combining
liquid polymer and nanoclay, then cooling and solidifying the mixture [52]. The in-situ
polymerization method is the polymerization of monomers in the existence of nano-
clay, leading to the formation of nanoclay-polymer composites [53]. Selecting the right
synthesis approach for nanoclays depends on desired properties, such as scalability,
cost-effectiveness, and compatibility with the polymer matrix.

Naturally occurring clay minerals include mixed cations on their surface and in the
interlayer space, which makes their surface characteristics unsuitable for use in some
applications [38]. To give clay minerals their unique physicochemical properties for
definite purposes, their interlayer space is saturated with the required cations. The
modification of clay particles can be done through (i) physical and (ii) chemical modi-
fication methods [54]. Physical modification of clay surface by modifying substances
marginally improves polymer composite characteristics without altering clay structure
due to minimal physical forces. Chemical modification of clay surfaces with tethered
polymers or organo-silane compounds improves properties of polymer/clay nano-
composite systems, including improved dispersion, nano-sized layers, high aspect
ratio, and large surface area [55]. Surface modification can be achieved by various
methods, including acid treatment, surfactant treatment, and polymer grafting. Acid
treatment involves the use of acid to remove impurities and increase the surface area
of nanoclay [50]. Surfactant treatment involves the use of surfactants to modify the
surface chemistry and improve the dispersion of nanoclay in polymers [56]. Polymer
grafting involves the attachment of polymer chains to the surface of nanoclay, leading
to improved compatibility with polymers [55, 57].

3. Structure and properties

Understanding the clay structure and its characteristics is crucial for comprehend-
ing the impact of clay reinforcement on the performance enhancement of construc-
tion and building materials. Nanoclays are layered mineral silicates composed of
individual layers of octahedral ([Al0;(OH);]6 or tetrahedral sheets (SiO4)4 [58-60],
stacking on top of one another like pages in a book [61]. In tetrahedral sheets, a
silicon atom is surrounded by four oxygen atoms, and in octahedral sheets, a metal
like magnesium or aluminum is surrounded by eight oxygen atoms, and are the
building blocks of clay’s layers. Tetrahedral (T) and octahedral (O) sheets are linked
by oxygen atoms [3, 62, 63], while unshared oxygen atoms are present in hydroxyl
form [62, 64, 65]. The octahedral sheet is formed by four apical oxygen atoms
and two hydroxyl groups, with cavities occupied by trivalent or bivalent cations.
Aluminum is typically used, and the structure is called di-octahedral when two
cavities are trivalent cations. Tri-octahedral is formed when all cavities are divalent
metal ions. Isomorphic substitutions can balance the charge deficit [3, 38, 62, 66-69].
In clay crystallite, multiple layers are joined by hydrogen bonds, Vander Waals force,
and electrostatic force to form sheets, forming stacks of parallel lamellae [32, 61, 70].
Clay minerals consist of four structural types: three layered (1: 1, 2: 1,2: 1: 1) and
one fibrous structure (Figure 3) [3, 38, 62, 68, 71]. In 1:1 arrangements, the layer is
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1:1 2 231 2:1:1 0:1

Neutral nanoclays Cationic nanoclays Anionic nanoclays

Figure 3.

Schematic representation of (a) tetrahedral, (b) octahedral sheet; (c) layered nanoclay 1: 1, and 2: 1 structures;
(d) cationic nanoclays (types 2: 1 and 2: 1: 1), and (e) anionic nanoclay (type o: 1) sheet arvangements in common
nanoclay materials [68].

formed by one tetrahedral sheet linked to one octahedral sheet; in 2:1 arrangements,
each octahedral sheet is connected to two tetrahedral sheets (one sheet on each side);
and in 2:1:1 configurations, each octahedral sheet is adjacent to another octahedral
sheet and connected to two tetrahedral sheets [64, 72]. Clay minerals with fibrous
structure consist of ribbon-like layers of two tetrahedral sheets held together by
a central octahedral sheet through shared oxygen; which results in a gutter-and-
channel-type structure [73]. Depending on the arrangement of layers, bond types,
chemical composition, and microscopic structure of the crystal lattice, there are dif-
ferent types of nanoclays, including montmorillonite, bentonite, kaolinite, hectorite,
and halloysite nanoclay [74-76].

Kaolinite is a 1:1 type of clay mineral with a silica tetrahedral sheet connected
to an alumina octahedral sheet connected by hydrogen atoms, with the chemical
formula Al2Si205 (OH)4 [77-79]. The nanoclay of the kaolinite group has remark-
able chemical and physical characteristics, including a high specific surface area,
corrosion resistance, low density, and high thermal stability [79]. In natural kaolinite,
AP is replaced by Ca**, Mg, or Fe’*, while Si** is replaced by A’* or Fe**, result-
ing in an insufficient charge in the crystal lattice and a negatively charged surface
[60]. Montmorillonite (MMT) nanoclay has a 2:1 structure with weak Van der Waals
forces keeping the outer layers together, consisting of (Na,Ca)33(Al,Mg),(SisOy0)
(OH),nH,0 chemical composition [77, 80]. MMT, with its high aspect ratio, surface
area, high cation-exchange capacities, and excellent mechanical properties, can swell
up to several times its original size when exposed to water [48, 81]. AI>* and Mg*'
are isomorphic replacements of Si** in the tetrahedral sheet and A’ in the octahe-
dral sheet, respectively, to form the chemical compound known as MMT [59, 82].
Halloysite, similar to kaolinite in chemical composition, differs from kaolinite due to
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Clay Specific surface areas (mzlg) Cation exchange capacity (CEC) (meq/100 g)
Kaolinite 5-40 3-15

Halloysite (hydrated) 1100* 40-50

1lite 10-100 10-40

Smectites 40-800 80-120

Vermiculite 760* 100-150

Chlorite 10-55 10-40
Palygorskite-sepiolite 40-180 3-20

Allophane 2200 30-135

Imogolite 1540 20-30

*depending on the fraction of internal specific surface area.

Table 2.
Cation-exchange capacities and specific surface aveas of clay minerals [38, 86].

its unique structure consisting of a single water molecule layer with chemical com-
position AL,Si;05(OH),.nH,0) [79]. Halloysite is characterized by 15-20 thick layers,
forming a hollow and porous tubular structure with hydrophilic and negative charges,
strong adsorption, high specific surface area, water dispersion, biocompatibility, and
active surface chemical [79, 83]. Some of the better-known members of the clay
family have the following chemical formula: talc (Mg;[SisO10(OH),]), mica(KAj[Al
Si3049(OH),]), serpentine, (Mg;[Si,Os(OH)4]), sepiolite(Mg4[SicO;5] (OH),.4H,0)
[68, 84]. The chemical composition of nanoclays may be different, including the
aluminum silicates, magnesium silicates, aluminum-magnesium silicates, and other
mineral silicate nanoforms [85]. Table 2 depicted the cation-exchange capacities and
specific surface areas of clay minerals [38, 86].

4. Nanoclays for the performance enhancement in building and
construction materials

4.1 Mechanical properties
4.1.1 Nanoclays in concrete and asphalt binders

Various types of nanomaterials (such as nano-silica, carbon nanotubes,
nano-titanium dioxide, nano-alumina, nanoclay, nano-zinc oxide,) are employed
to enhance the strength, durability, and overall physical and chemical proper-
ties of concrete [87]. The use of nanoparticles in construction enables more
cost-effective, time-efficient, and safer production of construction materials,
resulting in enhanced product durability, efficiency, and higher performance
levels in the production of raw materials [88]. The incorporation of different
nanoparticles into concrete at appropriate concentrations has the potential to
enhance its mechanical strength and chemical durability, and reduce shrinkage,
while also minimizing issues such as bleeding and segregation [89]. The introduc-
tion of nano-sized particles fills the interfacial transition zone between cement
and aggregate, leading to densification of the cement matrix by enhancing the
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formation of calcium-silicate-hydrate (C-S-H) gel through the pozzolanic reaction
with calcium hydroxide [90]. Nano particles also have the capability to enhance the
bond between aggregates and cement paste [91]. Nanoparticles are highly effective
additives for modifying cement products, even when used at low concentrations

of approximately 1% [92]. Another research [93] demonstrated that nanoclay
admixture improved the compressive property of cement calcareous sand (CCS)
with an optimum admixture ratio of 8%, enhanced the deformation modulus and
resistance to external load deformation, and increased the density of the internal
structure, thereby improving the mechanical properties of CCS.

In the pavement industry, natural nanoclays, particularly montmorillonite, hecto-
rite, saponite, and kaolinite, are commonly used, while organically modified mont-
morillonite known as Cloisite is utilized as an asphalt modifier [94]. Cloisite-modified
asphalt mixture, nano clay modification was found to enhance the mechanical
properties, including creep resistance, tensile strength, and fatigue resistance, effec-
tively improving the performance of the polymer as a filler reinforcement [95]. The
utilization of nanomaterials in the construction industry holds immense potential for
enhancing the performance and properties of building materials [96]. The high aspect
ratio and large specific surface area of nanoclays contribute to improved load trans-
fer, enhanced interfacial bonding, increased resistance against cracking, improved
flexural and compressive strength, and enhanced impact resistance [97]. Nanoclays,
offer a promising alternative to traditional additives, providing exceptional mechani-
cal properties and unique geometrical characteristics. Their precise distribution fills
nano-sized voids in cement mortar, limiting micro-crack propagation and improving
strength, workability, consistency, and water absorption [98]. The incorporation of
nanoclay into concrete has several beneficial effects, including reducing building
energy consumption, enhancing thermal insulation properties, improving thermal
stability, fire resistance, thermal performance, behavior, resistance to cracking
and degradation, and decreasing thermal conductivity, which leads to effective
insulation and lower energy consumption during heating and cooling periods [33].
Nanoparticles contribute to the development of strength in cement-based materials
by enhancing the hydration process of cement, resulting in the formation of calcium-
silica-hydrate (C-S-H) and improved overall strength [99].

4.1.2 Nanclays in polymer composites

Nano-particles are currently recognized as highly promising fillers for enhancing the
mechanical and physical properties of composite materials [100]. The incorporation
of hydrophilic clay minerals into hydrophobic polymers can enhance their mechanical
performance, fire retardant, and barrier resistance, as well as their thermal and electri-
cal conductivities [101]. Adding nanoclay particles below or above their optimum point
reduces material performance by introducing voids that act as preferential locations
for crack initiation and failure [102]. Nanoclay particles are currently recognized as
promising fillers for improving the mechanical and physical properties of polymers
[103]. The addition of fillers to polymer matrices provides an alternative approach
to enhance the mechanical performance, processability, and cost-effectiveness of
composites as well as reduces available free spaces, resulting in increased stiffness
of the laminates and improved interaction between the fibers and the matrix [104].
According to the study [105], the experimental evidence demonstrates that increasing
the weight percentage of nanoclay in Coccinia Indica fiber reinforced epoxy composites
enhances their tensile, flexural, impact, and compression properties. The results found
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in [106] reveal that Polymethylmethacrylate nanocomposites with a minimal loading
of 0.5 wt% well-dispersed montmorillonite nanoclay, significant enhancements were
observed in the mechanical properties of the nanocomposites, including improvements
in elastic modulus, tensile strength, and elongation at break. Based on the study con-
ducted by [107], the incorporation of nanoclay particles in composite films resulted in a
significant improvement in flexural modulus, especially at lower weight percentages.

Recent research, as referenced in [32], have documented that the fabrication
and characterization of nanoclay-based nanocomposites and bio-nanocomposites,
exhibited superior mechanical and thermal properties when compared to nanoclay-
reinforced polymer composites. The incorporation of layered silicates into polymer
nanocomposites leads to notable improvements in their mechanical properties,
including modulus, strength, toughness, and strain [108]. Nanoparticles enhance
the properties of many polymers and are used to improve modulus, tensile strength,
flame resistance (to further improve the flame retardant performance), and thermal
and structural properties in various applications [109]. Nanoparticles can serve as
heterogeneous nuclei in cement pastes, effectively accelerating cement hydration
due to their high reactivity. They also act as nano-reinforcements and nano-fillers,
leading to densification of the microstructure and reducing porosity in cement-based
materials [110]. As mentioned in the study referenced [111], incorporating nanoclay
into the cementitious mixture for 3D printing concrete resulted in a decrease in work-
ability but an increase in the yield stress due to enhanced cohesiveness. Increasing the
amount of nanoclay not only maintained the desired shape during and after extrusion
but also improved layer stability, preventing collapse under the weight of subsequent
layers. Another finding reported in Ref. [112], is the successful incorporation of
clay into various industries, including transportation, construction, packaging, and
medical sectors, offers improved mechanical properties and enhanced functional
characteristics such as fire retardancy, ablation performance, and gas permeability.

In another study [113], it was observed that the addition of nanoclay to epoxy resin
resulted in a significant increase in the elastic modulus and fracture toughness.
However, as the nanoclay level increased, there was a notable reduction in the failure
strength and failure strain. In line with the conclusions drawn in Ref. [114], the addi-
tion of a small amount of organoclay, around 4 wt%, to polymers leads to significant
improvements in barrier properties, dimensional stability, flame retardant, mechani-
cal properties such as tensile strength, Young’s modulus, and flexural modulus this
allows for the creation of lighter and more transparent composites.

The study outlined in Ref. [115], highlights that nanoparticles-reinforced polymer
composites, particularly montmorillonite/epoxy nanocomposites, have undergone
thorough investigation and have shown substantial improvements in mechanical,
thermal, and physical properties. The incorporation of nanoclay into composites
significantly enhances the mechanical properties (tensile strength, flexural strength,
compression strength, and impact resistance) thermal stability, and flame-retardant
characteristics [116]. Nanomaterials aim to enhance mechanical and physical properties
at the nanoscale, improving durability [13]. The incorporation of clay in nanocompos-
ites leads to significant enhancements in interfacial interactions with the matrix and
physical properties. Based on the findings obtained in Ref. [101], the results indicate
that the mechanical properties of the composites improved with an increase in filler
content, and the optimum mechanical properties in percentage were found to be 4%.

Incorporating an appropriate amount of clay content into materials has been
found to enhance several key properties, including tensile strength, modulus (stiff-
ness), thermal stability, elasticity, and heat deflection temperature [117]. The
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incorporation of filler nanoparticles in the resin matrix of dental composites enhances
their esthetic, optical, and mechanical characteristics, including factors like tensile
strength, fracture resistance, and reduced polymerization shrinkage [118]. Based on
the findings reported by [119], it was concluded that the addition of fillers increased
the stiffness of the polymer composite. However, when the filler ratio was increased
beyond a certain point, particle agglomeration occurred, leading to decreased adhe-
sion between the matrix and fillers, resulting in a decline in the mechanical strength
of the composite [119].

4.2 Thermal properties
4.2.1 Nanoclay in modification of concrete

The thermal response of concrete is crucial in construction industries. This
property can be altered by using different additives which can give thermal stability
to the concrete. Researchers have investigated the effect of nanoclays on the thermal
stability of concrete [120-124]. Hakamy et al. [125] carried out the thermal stabil-
ity of nanoclay (Cloisite 30B) and calcined nanoclay-cement nanocomposites. They
found that thermal stability was improved by 3.3% compared to the control cement
paste and also showed that adding Cloisite 30B nanoclay reduced the weight loss of
cement mortar. The thermal stability of hemp fabric-reinforced nanoclay-cement
was also investigated in another work [122]. The study found that adding nanoclay to
hemp fibers-reinforced nanocomposites increased their thermal stability, as revealed
by thermogravimetric analysis. The thermal behavior of cement mortar treated with
kaolinite nanoclay was studied by Fan et al. [126]. According to their DTA data, the
specimens’ weight loss was decreased by 5% when nanoclay was added, which resulted
in exceptional heat stability and resistance to heat. Mohammad and Mohammed
[123] investigated the thermal performance and fire resistance of nanoclay-modified
cementitious materials using montmorillonite nanoclay as partial replacement for
cement. The addition of nanoclay significantly reduced the degradation in the tensile
and flexural strengths of cement mortar due to elevated temperature exposure.
Research work [121] also demonstrated that partial replacement of cement up to
3%wt. could reduce the thermal conductivity of the concrete considerably.

4.2.2 Nanoclay in modification of polymers

Polymers have many more uses besides concrete, prefabricated structural
elements, and strengthening elements. Some of these include pipeline sheaths, plastic
films, decorative panels, floors, doors, windows, and sanitary facilities. [127]. The
addition of nanoclay fillers in polymer matrix have great effect in improving the
thermal properties. High density polyethylene (HDPE), one of the polymer used in
construction industries, can be modified with nanocomposites produced industrially
by melt mixing approach [128]. Harun et al. [128] modified HDPE with nanoclay
reinforcement, enhancing mechanical and thermal properties, resulting in increased
glass transition temperature and decreased Vicat softening temperature. Based on
exfoliated organoclay polystyrene and poly (methyl methacrylate) (PMMA), a study
[129] assessed the thermal characteristics of nano montmorillonite. TGA analysis
and calcination reveal that nanoclay addition enhances thermal stability in organo-
clay polymers, with a rise in degradation temperature of 25-50°C above neat PS and
25-80°C above neat PMMA.

34



Nanoclays as Fillers for Performance Enhancement in Building and Construction Industries...
DOI: http://dx.doi.org/10.5772/intechopen.1005147

4.2.3 Nanoclay in modification of asphaltic bitumen

Improvements in the pavement sector, including heavy axle design, traffic leveling,
huge truckloads, and environmental requirements, necessitated the need for asphalt
binders to be improved [130]. Polymer modification has become increasingly popular
in recent decades as a means of enhancing asphalt pavement’s high-temperature
performance [131] without compromising its low-temperature behavior. One of the
technique to improve high-temperature performance is using nanoclays as a rein-
forcement [130, 132, 133]. Atefeh et al. [134] tried to modify bitumen by ethylene
propylene diene monomer (EPDM) blended with hybrid nanoparticles (carbon
nanotubes (CNTs) master batch and bentonite nanoclay) to improve thermal and
other properties. Thermogravimetric measurements showed that the hybrid samples
significantly improved bitumen’s viscoelastic behavior at high temperatures by
adding minimal amounts of additives. Bahadir et al. [135] assess the thermal proper-
ties of nanoclay-modified bitumen using organo- montmorillonite nanoclay. In the
DSC result the glass transition temperature of modified bitumen has increased with
the application of nanoclays. Moreover, the use of nanoclay in bitumen has turned
exothermic process of bitumen melting and crystallization into endothermic. The vis-
cosity of the material at elevated temperatures surpasses that of the original binder,
indicating greater resistance against permanent deformations.

4.2.4 Nanoclay in modification of geopolymer

Assaedi et al. [136] utilized nanoclay platelets (Cloisite 30B) for the mechanical
and thermal properties improvements of fly ash geopolymer. The thermal stabil-
ity of samples was determined using TGA. In this test, the thermal stability was
studied in terms of the weight loss percentage as a function of temperature in Argon
atmosphere. The neat geopolymer exhibits significant porosity, reducing water
capacity, but the sample with 2% NC shows the highest thermal stability, with a nano-
composite peak slightly higher than other samples. Khater et al. [137] investigated the
effect of nanoclay on alkali-activated water-cooled slag geopolymer. Kaolin nanoclay,
prepared through firing at 800°C, was added to geopolymer with a 0 to 7% dry weight
ratio, increasing the ratio of nanoclay from 1 to 1.5% improving thermal and thermal
insulation qualities.

4.3 Rheological properties
4.3.1 Nanoclay in mofication of concretes

Rheology describes how a material deforms and flows when applied stresses and
shear rates are applied. The flow curves that relate yield stress, shear rate, and plastic
viscosity provide a better explanation for the flowability of fresh concrete [138]. Over
the past few decades, it has been thoroughly investigated in cement-based materials,
leading to the establishment of several analysis approaches. Nanoclays are widely con-
sidered to require minimal pre-dispersion in concrete production due to their ease of
dispersion under shearing by conventional mixing [139]. Small amounts of nanoclay
(less than 1% by binder weight) increase the green strength of self-associating con-
crete immediately after casting without significantly altering flowability [140, 141].
Dejaeghere et al. [140] studied the impact of nanoclays on the rheological proper-
ties of cement-based mortars. The outcome demonstrates that the card-house-like

35



Developments in Clay Science and Construction Techniques

microstructure created by the extremely small, strong nanoclay particles raised
the static yield stress. A study [141] on shear rheology revealed that nanoclays have
minimal long-term effects and an instant stiffening effect controlled by flocculation,
rather than water adsorption. The research [142] on Self-Compacting Concrete (SCC)
utilized nanoclays attapulgite, bentonite, and sepiolite NC, and found that sepiolites
significantly impacted the rheological characteristics of fluid cement pastes.

Figure 4a illustrates the stress development of fresh cement pastes under 0.01s™.
It is evident that stress first rises more quickly before slowing down and eventually
leveling out. Before the flow begins, the peak value is linked to static yield stress.
Figure 4b illustrates the cement paste storage modulus within the linear viscoelastic
region (LVR) following the addition of nanoclay. With the addition of nanoclay, the
storage modulus G’ rises from 2.96 x 10* to 1.72 10° Pa [143]. In general, nanomateri-
als reduce the amount of free water in mixture, which lowers the fluidity or flowabil-
ity and negatively impacts workability [142].

4.3.2 Nanoclay in modification of polymers

Petroleum-based polymers are not compatible with nanoclay materials due to
surface energies differences, requiring surfactants to reduce clay layers’ surface
energy [45]. Karami et al. [144] studied the impact of microstructure on the rheol-
ogy of blends of LDPE and polyhydroxy butyrate (PHB) filled with nanoclay and
Figure 5 displays the complicated viscosities of the matching nanocomposites and
the neat PHB and LDPE. As shown in Figure 5, adding more nanoclay in place of
PHB, the complex viscosity would increase significantly. Kolahchi and Kontopoulou
[145] found that the neat PHB exhibited a very low viscosity and a Newtonian plateau
with minimal shear thinning. The PHB nanocomposite exhibited increased shear
thinning behavior with increased addition of Cloisite 10A organoclay, indicating a
higher affinity for this material (PHB) [146]. The addition of nanoclay to PHB75/
LDPE/N5 or PHB/N5 enhances its elasticity and melt viscosity, thereby improving its
processability. Pan et al. [147] found that nanoclay composites significantly improved
the resistivity and rheological properties of synthetic-based drilling fluids for high-
temperature applications.
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(a) Stress development of cement pastes without and with 0.5% of nanoclay addition under 0.01s™ and (b)
storage modulus of cement pastes with various nanoclay addition [143].
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Complex viscosity as a function of angular frequency for PHB and LDPE nanocomposites (composition, PHB-P,
pure, PHB/N1:100/1, PHB/N3:100/3, PHB/N3: 100/5 and similar representation for LDPE) [145].

4.3.3 Nanoclays in modification of asphaltic binder

Nanoclay composites are used in a number of novel applications, such as in asphalt
mixtures, where they improve the rutting and fatigue resistance of asphalt mixtures,
and enhance the storage stability and the aging resistance of polymer-modified asphalt
mixtures [146]. Many research works reported that nanoclays improve the rutting
resistance of asphaltic binder [130, 148-152]. Shah and Mir [153] found that combining
kaolinite clay and styrene-butadiene-styrene (KC/SBS) in asphalt improves compat-
ibility with SBS, enhancing performance of rutting strength. Amini et al. [148] modi-
fied asphalt rubber binder (ARB) with nanoclay to enhance rutting resistance, fatigue
properties, and temperature susceptibility. Nanoclay addition improves ARB’s perfor-
mance, reduces viscosity-temperature susceptibility, and temperature susceptibility,
while decreasing permanent strain, enhancing rutting resistance, and improving elastic
recovery. Another important parameter in asphaltic binder is fatigue resistance which
simulates repeated loading cycles of vehicle on pavement road. The role of nanoclay in
fatigue resistance of asphaltic binder has been researched extensively [154-157]. Saboo
etal. [152] performed the effect of nanoclay on physical and rheological properties
of waste cooking oil-modified asphalt binder. The result of the study indicated that
addition of nanoclay to WCO-modified asphalt binders improves the physical and
rheological properties. The integration of nanotechnology and polymer science can
significantly improve the production of modified asphalt mixtures for improved road
performance. This alternative has significant potential to improve asphalt surfaces,
especially in tropical countries and slow, heavy traffic highways to reduce rutting [150].

4.3.4 Nanoclay in modification of geopolymers

Geopolymer is a three-dimensional polymer having various types of amorphous
and semi-crystalline phases with a linkage of Si—-O-Al [158]. To produce cellular
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geopolymer, a stable bubble structure has to be created within an alkali-activated fly
ash (AAF) binder paste, which on hardening produces a solid geopolymer matrix and
an entrained pore structure [159]. Nanoclays made of montmorillonite and bentonite
minerals were used as rheology modifiers. Bentonite typically produces a thickening
effect at low concentrations without increasing the elastic response. Montmorillonite
has been used as a thixotropic agent in alkali-metal silicates [160]. The result of
Gadkar A, Subramaniam KVL [159] confirmed the yield stress of AAF binder pastes
is increased with the addition of nanoclay. Montmorillonite is more effective than
bentonite in increasing the yield stress of AAF binder paste. A similar increase in the
yield stress is obtained at a larger dosage of bentonite.

4.4 Barrier and moisture resistance properties

Nowadays, nanoclays are one of the most widely used nanoparticles in the field
of construction and building industries, since they have the potential to enhance the
flame retardance, thermal, mechanical, chemical, and barrier properties of building
and construction materials [161, 162]. Researchers have investigated the effect of
nanoclays on the barrier, chemical and moisture resistance properties of building
and construction materials [163-167]. Kim et al. [164] study on organoclay-epoxy
nanocomposites revealed that water absorption behavior is influenced by factors like
matrix and fiber properties, interfacial adhesion, and voids. The hydrophilic nature of
natural fiber-reinforced polymer composites, particularly B/K/Epoxy (11.4%), is the
primary driver for water absorption, making it the most water-absorbing composite.
Table 3 illustrates that, out of all the hybrid nanocomposites, B/K/OMMT had the
lowest water absorption, with a value of 4.19%. For B/K/MMT and B/K/HNT, the
corresponding percentages of water absorption are 4.99 and 5.12%. Because of their
hydroxyl groups, natural fibers, especially cellulose and hemicellulose, absorb water
[164]. Hybrid nanocomposites can suppress water absorption by adding nanoclay,
which reduces void content, creates a moisture barrier, and limits polymer chain
motions and relaxation [164, 168]. Ola Bakr Shalby et al’s [169] study shows that
using nanoclay alone as a partial cement replacement reduces water penetration
depth from 15 to 9 cm, while the proposed NCSF mix only improves it to 12 cm due
to irregular steel fiber shape [169]. Calambas et al. [170] found that adding more than
0.5% MMT to polymeric achira starch/PVA formulations significantly increases the
water vapor transmission rate, reducing the materials’ barrier capability. The addition
of montmorillonite nanoclay to biopolymers-clay nanocomposites altered their water-
barrier properties due to their inherent properties. However, sonication of MMT
nanoclay is crucial for improving properties, as films with sonicated MMT nanoclay
exhibit better wettability and absorbency.

Composites Maximum moisture content at Diffusion coefficient,
saturation point, Moo (%) D(x10"® mm?/s)
B/K/Epoxy 114 1.99
B/K/MMT 4.99 1.26
B/K/HNT 512 1.34
B/K/OMMT 4.19 119
Table 3.

Maximum moisture content at saturation point and diffusion coefficient of the hybrid composites/nanocomposite [164].
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Alimohammad et al. [171] found that adding nanoclay to concrete reduced
chloride diffusion coefficient, with the lowest coefficient observed on concrete with
3% nanoclay. After 90 days, the electrical resistivity increased, with 1, 2, and 3%
mixes showing a visible decrease in initial current due to lower permeability. Niu et al.
[172] found that the addition of nanoclay can improve the concrete’s resistance to
chloride penetration, as per their observation. The study by [173] found that nanoclay
enhances resistance against moisture damage in hot mix asphalt, with 6% of nanoclay
showing the most significant improvement in moisture susceptibility (Figure 6).

The study by [175] examined the impact of nano-based coatings on concrete under
heightened exposures, revealing that the addition of nanoclay significantly impacts
the chloride content in the concrete. The addition of nanoclay to reinforcement con-
crete increased chlorine content from 25 to 49%, enhancing its anticorrosion proper-
ties and lowering the rebar corrosion ratio by 7, 30, and 37% after 24 hours with the
1, 3, and 5% nanoclay addition, respectively. Woo et al. [176] found that concrete
without coating had the highest chloride content, but coatings like neat silane and
nanocomposite significantly reduced it by 92 and 69%, respectively. It was observed
by [177] that the chloride diffusion coefficient of cement concrete decreases exponen-
tially with the addition of clay. The study found that adding kaolinite clay to cement
concrete reduced the chloride diffusion coefficient to 8.68 and 18.87%, indicating that
increasing clay content leads to a reduction in the coefficient.

Li et al. [165] found that organo-montmorillonite nanoclay effectively inhibited
bitumen’ volatile organic compounds (VOCs) emission, with nanoclay containing
octadecyl trimethyl ammonium surfactants showing better inhibition. Umk et al.
[178] found that adding nanoclay to water-based coatings increased adhesion and
mechanical properties, with 2% being the optimal percentage, despite some adverse
effects. The study by [179] found that nanomaterials reduced water absorption
ratios and chloride diffusion coefficients in coated concrete. The 0.5% nano-SiO2
polymer-modified cementitious coating showed lower chloride diffusion coefficients,
especially at 200 days, indicating higher improvement efficacy in chloride resistance
compared to 0.5% nano-TiO2. Abuzeid et al. [167] found that nanoparticles in con-
crete coatings improve resistance against physical salt attack and salt-frost exposure,
but higher nanoclay dosages resulted in inferior performance. Usman et al. [180]
studied the bitumen modified with nanoclay/pet(polyethylene terephthalate) blend
properties, and noted that penetration decreases with replacement, with optimal val-
ues at P0.5% - N1.0% (65.0 mm) and P1.0% - N2.0% (65.4 mm). This is due to, PET
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Figure 6.
Variation of diffusivity and maximum weight gain with nanoclay loading. (adapted from Ref. [174] ).
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absorbing low molecular components of bitumen, causing swelling and movement
restriction within asphalt, resulting in reduced penetration of the modified bitumen.

4.5 Fire retardancy

The heating process causes changes in the microstructure of building and
construction industry, which in turn affects the structural characteristics of the
material [181, 182]. Structures may be efficiently protected by combining passive
and active fire prevention systems with management systems like smoke exhaust
systems and communication protocols [22, 183]. Researchers are promoting the use
of nano-materials as additives to improve thermal resistance in cementitious compos-
ites, as they offer superior reactivity compared to micro-scale materials, preventing
structural failure [184, 185]. Recently, owing to their smaller particle size than cement
grains, nanoclays, such as nano-kaolin, bentonite, mica, and nano-montmorillonite,
are utilized as nanofillers in cement-based products which improve chemical, mois-
ture and gas barrier, and mechanical and thermal properties of the material [186].
Nguyen et al. [187] found that the combustion rate (mm/min) of epoxy resin/nano-
clay/multiwalled carbon nanotube nanocomposites decreased from 28.41 to 20.80,
while the LOI (vol. % O2) increased from 20.6 to 24.6. The addition of nanoclays
increased the UL94 from not rated to 18.76 HB. The nanoclay components create a
barrier-like substance, slowing down oxygen flow and preventing flammable ele-
ments from burning. However, improper dispersion can lead to residual nanoparticles
reducing the materials’ mechanical properties and fire resistance. Mahesh et al. [188]
found that nanoclay addition to vinylester/carbon specimens reduced burning rates
by 38 and 46%, respectively, indicating that MMT acts as a good flame retardant,
reducing flammability. The improvement in fire behavior is due to the formation of a
surface layer during pyrolysis that acts as a heat barrier, preventing heat transfer and
increasing surface radiation heat losses [189]. Fillers within the polymer matrix offer
a protective clay-rich barrier, thereby reducing the polymer’s mass loss rate (MLR)
[181, 190-194]. Saraeian et al. [195] investigate the effect of nanoclay particles on
the tensile strength and flame retardancy of polystyrene — nanoclay composite. The
study showed that adding 5% clay to polystyrene-clay nanocomposite significantly
reduced its heat release rate, resulting in a flammability decrease of over 70%, with
tests conducted on three nanocomposite groups. Ji & Li [196] found that adding
1.0 wt.% nanoclay to a fire test can reduce mass loss by nearly 13%. The nanoclay
morphology transitioned from discontinuous intercalated to well disperse and contin-
ued exfoliated, forming insulated layers and a thick charring layer, which partially or
completely halted chemical reactions.

Rajaei et al. [197] found that adding 2 wt. % halloysite nano-tube to epoxy slightly
reduced the peak heat release rate (PHRR) by about 17%, while incorporating lay-
ered double hydroxide (LDH) significantly decreased the PHRR by around 58%.
LDH nanoparticles can form a ceramic-like char on the sample’s surface, shielding
it from heat and flame, but no change in PHRRs was observed with increasing LDH
content. The result also shows that adding 18 weight percent APP to EP2LDH and
EP2HNT samples reduced PHRRs by 70 and 84%, respectively. Layered nanoclays
such as LDH and MMT mitigate the flammability of polymer nanocomposites [198,
199], whilst fibrous nano-additives like carbon nanotube and HNT provide excellent
thermal stability which facilitates the formation of chars [199, 200]. Usman et al.
[180] studied on properties of bitumen modified with nanoclay/pet (polyethylene
terephthalate) blend, and noted that the modified bitumen fire point values were less
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than the unmodified bitumen (control bitumen). This is due to the strong interfacial
interaction between bitumen and nanoclay. Nanoclay shields bitumen from thermo-
oxidation due to its “labyrinth” effect, forming a carbonaceous silicate structure that
delays volatile product escape and oxygen penetration.

5. Sustainability and environmental considerations

Population growth has caused expansion of cities and, as a result, an increase
in the demand for construction and building. On the other hand, excessive use of
non-renewable resources, water, and materials, and non-neutrality of emissions are
the major challenges facing the sector. This resulted in depletion of natural resources
and pollution which are ever-existing problems and increasing at an alarming rate.
The building and construction industries are the major consumers of global energy
and significant contributors to environmental pollution. It has been identified that
the construction and building sector is currently responsible for 40% of solids
generation, 36% of global energy demand, 12% of drinking water depletion, 37% of
energy-related CO, emissions, and 38% of greenhouse gas emissions [201]. Concrete
manufacturing, the second most consumed material in the world next to water, is
single-handedly responsible for 8% of anthropogenic CO, emissions, which results
mainly from the Ordinary Portland Cement (OPC) manufacturing used as a binder
[202]. Manufacturing of Ordinary Portland Cement (OPC) in particular accounts for
5-8% (roughly 1.35 billion tons of carbon dioxide per year) of greenhouse gas emis-
sions worldwide due to the extensive amount of thermal energy used, which is mainly
derived from non-renewable resources such as natural gas, coal, and others [203-
208]. Furthermore, research on emissions analysis demonstrated that there is a one-
to-one relationship between cement output and CO, emissions, which is frightening
for the future of human beings [209]. This is further amplified in such a way that it
is predicted that the annual global output of cement will reach to 6.1 billion tons by
2050 [210, 211]. Moreover, the use of cement-based concrete as the primary building
material is expected to continue to increase to meet the rising need in the construction
sector, with a yearly growth rate of 5% in cement production [212, 213]. Continuous
repair of damaged buildings from conventional concretes synthesized from OPC,
which is labor intensive and expensive process and a concern for environmental
mitigation, has also continued to be the challenge for the sector [212]. Therefore,
developing more sustainable and environmentally benign concrete mixture options is
highly anticipated to lower environmental impacts related to the construction indus-
try. Fortunately, recent developments in green construction are gaining emphasis and
are becoming the global agenda for academicians and policymakers [214]. Significant
efforts have been put into effect by researchers and industrialists to explore innovative
approaches to enhance the performance of construction and building materials and to
reduce their environmental impacts. These developments aim to reduce the reliance
on cement-based construction in order to minimize carbon dioxide emissions which
consequently provide significant environmental benefits. In this regard, geopolymers,
ecologically benign cementitious ingredients requiring less energy and producing less
CO,, have emerged as potential alternatives to traditional cement-based construction
materials with better performances in compressive strength, acid resistance, creep,
and shrinkage [215-219]. Furthermore, the cementitious materials used to produce
geopolymers are derived from industrial wastes including slag [220], fly ash [221], and
waste glass powder [222]. However, high porosity, poor interfacial bond strength,
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and delayed strength gain at a later stage in geopolymer-based construction materials,
like geopolymer concrete, deter its performance and industrial applications.

Nanoparticles are materials with new insights recently considered outstand-
ing filler materials to alleviate the challenges in geopolymer concrete [223-225].
Geopolymer concrete performance can be improved by incorporating nanoclays,
nanoparticles with unique properties, into the mix, and have been considered asa
promising solution for the building and construction sector. Environmental and eco-
nomic benefits of nanoclays, such as their excellent compatibility with water-based
systems reducing the need for harmful solvents and volatile organic compounds,
and their renewability, have recently created sizable interest in nanoclay-based
composites. Research showed that incorporating nanoclays into the geopolymer
paste increased the water volume used, consequently lowering the setting time and
improving solidity of the paste [226-229], which resulted improvements in self-
compaction, ductility, durability, weight reduction, air quality, resistance to chloride
penetration, reduction in water and oxygen permeability, lessening in shrinkage,
increase in the mechanical strength, and resistance to chemical solvents of the con-
crete [88, 230]. Optimization in the amount of nanoclays used in the mix determines
the best performance; adding a higher percentage may diminish the performance,
which is caused by the agglomeration of the nanoparticles [231]. The addition of
proper amount of nanoclays to the cementitious mix may lead to synthesis of a new
material with improved performances in mechanical properties with significant gains
in economic, social, and environmental aspects. As a technical solution to augment
properties of concrete, the integration of nanoparticles in concrete mixes has recently
promoted and emphasis has been given to the investigation of the effects of the
nanoparticles on performance of the composite material.

On the other hand, the use of geopolymer concrete in the construction industry
is still in its infant stage. There is no general consensus regarding the influence
of nanoparticle additives on the original material, the optimum dosage, or the
synergistic effects of the mix components. There is no clear understanding of the
mechanism of dispersion, diffusion manner, the hydration process, the chemical
reactions at nanoscale, hardening process, overall performance assessment, ease
of operation, and others. Particularly, the balance between operational ease and
uniform dispersion of nanoparticles presents major challenges in commercialization
of nanoclay-reinforced geopolymer concrete in the construction industry. Besides,
there have been observations also that the hardening temperature increases with the
addition of nanoclays [125]. Additionally, variations in the results of research outputs
on the effects of nanoclays on concrete or cement mortar are usually observed due to
changes in the type (fly ash, silica fume, etc.) used in the mix and differences in the
curing days [201]. Therefore, the behavior of naoclay-reinforced geopolymer concrete
is still an active research area for further exploration. Further studies are also needed
to develop predictive models to evaluate the correlations between nanoclay particles
and the performance enhancements in the geopolymer construction materials; this
significantly increases the efficacy of the process and minimizes material wastage.

Despite the gains in environmental impact reduction by using nanoclay-embedded
construction materials, the synthesis of the nanoparticles is highly energy-intensive
and the process is not yet optimized, which is mainly researched at lab or pilot scale.
Inhaling or ingesting high doses of nanoparticles during processing of the mix may
cause health effects for construction workers. Hence, studies on the cradle-to-gate life
cycle assessment of the nanoparticles showed an increase in other impact categories
such as potential ecotoxicity and toxicity [201]. Thus, investigations regarding the
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environmental impacts of nanoclays addition to mixed designs of construction and
building materials are not still sufficient and require further emphasis. Likewise,
there are still concerns about the sustainability of concrete structures built from
nanoparticle-enabled materials. Environmentally safe and sustainable applications of
such materials are demands in prospect for the construction and building industries.

6. Challenges and future perspectives
6.1 Challenges

The absence of consistent dispersion of nanoparticles, which agglomerate in
cement, presents difficulties for the building sector [232]. However, the improved
hydrophobicity and self-attraction of carbon nanotubes and carbon nanofibers
make their application desirable. It is essential to comprehend intricate systems and
interface interactions [233]. Ingredients could require further steps, such as purifica-
tion and functionalization, before they are combined. Nevertheless, this can lead to a
weak link forming between the cement and the nanomaterials (carbon nanotubes and
carbon nanofibers). Some scientists have created a simple technique to enhance the
dispersion of carbon-based nanomaterials in an attempt to tackle this issue.

Since clay-based nanomaterials are hydrophilic, extra caution must be used to
regulate the amount of water required in the clay-cement composite. Exchange
alteration lowers the hydrophilicity of the interlayer by substituting an organic cation
for any calcium or sodium that may have been present. This results in a reduction in
water. The main issue to take into account when using nano-coatings on some cultural
heritage stones was their photo-induced super hydrophilicity, which could have a
negative effect on the stone [234].

Another obstacle to the widespread application of nanoparticles is their compat-
ibility with building materials [235, 236]. In relation to titanium dioxide nanoparticles
in particular, some studies have confirmed that there may be more complications
when titanium dioxide is added to cement as opposed to coating other substrates like
ceramics and glass. Cement has a lower surface area and poor stability [237, 238],
which are detrimental to the photocatalytic reaction and have an adverse influence
on the use of low stability in building matrices. Its efficiency decreases over time.
Generally, regardless of whether it was applied as a coating on the surface or com-
bined with the bulk, the photocatalytic influence seems to diminish after 4 months.
One other disadvantage associated with the application of nanoparticles in the
construction industry is that, when used to increase strength, these materials also
have a larger density, which adds weight to the structure [239].

While nanomaterials (NMs) can enhance the qualities and performance of building
materials, there are limitations on their use and commercialization, as well as issues with
raw material availability and, as mentioned earlier, high production costs, which make
some NMs difficult to obtain [240]. One of the biggest obstacles to using nanomaterials
in the building industry is their expensive cost [241]. This is a result of the technology’s
novelty as well as the sophisticated machinery used in characterization and production
procedures. However, costs have been demonstrated to decrease over time, and these
costs may decrease much further as fabrication technologies progress. Currently, the
higher cost of self-healing concrete compared to traditional OPC-based concretes is
mostly caused by their superior attributes, limited knowledge about their application,
and lower worldwide manufacturing. Despite their high cost, self-healing concretes
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based on nanomaterials should be evaluated for adoption due to their long-term benefits.
Nanomaterials are anticipated to provide remarkable solutions for resolving any complex
problems, leading to their use on a commercial scale and making them affordable [242].

Despite all of this, environmental issues and health risks are two main drawbacks
of using nanoparticles in the building industry [243, 244]. Human health may be at
risk from construction items with nanotechnology [245-247]. Given that constructive
construction is found in a natural setting, all of the materials used in the facilities
must, to the greatest extent possible, be environmentally friendly and compatible
with the surrounding environment. The most common possible problems include
nanoparticles entering groundwater, dispersing through dust into the atmosphere,
and being exposed to potentially dangerous materials at the time of construction and
during maintenance processes.

6.2 Future perspectives

The results of an extensive analysis of global nanotechnology advancements in con-
struction, along with a survey of construction professionals, indicate that the afore-
mentioned research areas will likely have a significant impact on the built environment
and the construction industry in the upcoming 10 years. Notably, given the enormous
amounts of materials involved, the most significant influence on the economy and the
construction sector during this time is anticipated to come from improvements in pro-
duction processes and advances in material performance attained through improved
understanding and manipulation at the nanoscale [248]. Nanoclay has the potential
to become a workable and sustainable solution for improving the performance and
sustainability of building materials and practices by solving issues through creative
research and development initiatives. In order to fully utilize nanoclay in the construc-
tion industry, more study and application are needed in the following areas:

* Refining nanoclay formulations to achieve even higher gains in strength,
toughness, and durability

* Creating more environmentally friendly manufacturing processes for nanoclay

* Incorporating nanoclay into eco-friendly building materials that minimize
resource consumption and reduce carbon emissions

* Involve the integration of nanoclay additives into 3D printing materials to create
structures with enhanced strength, durability, and functionality

* Development of nanoclay additions for creative building materials with features
like improved insulation, fire resistance, self-healing, or antibacterial qualities,
opening up new opportunities

* Smart nanoclay additives are to be developed that can sense and react to changes
in their environment, preventing structural failures and enhancing maintenance
procedures

* Involves initiatives to create industry standards for the application of nanoclay in
building materials and legal frameworks to handle environmental, health, and
safety issues.
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7. Conclusion

The utilization of nanoclays as fillers in the building and construction industries
holds great potential for enhancing the performance of construction materials. The
results from the literature review indicate that the incorporation of nanoclays can lead
to improvements in mechanical properties, durability, fire resistance, and thermal
insulation. Nanoclays offer unique characteristics, such as high aspect ratios and large
specific surface areas, which contribute to enhanced load transfer, interfacial bond-
ing, and barrier properties. However, there are challenges that need to be addressed,
including dispersion and compatibility issues, cost considerations, and potential envi-
ronmental impacts. Future trends in the field of nanoclays in construction include
the development of multifunctional materials with additional properties, as well as
exploring novel synthesis methods and surface modifications. Further research and
development efforts are needed to optimize the manufacturing processes and ensure
the sustainability of nanoclay-based materials. The application of nanoclays in the
building and construction industries has the potential to revolutionize the field, lead-
ing to the development of sustainable, high-performance construction materials.
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Abstract

Additive manufacturing(AM) has evolved from rapid prototyping to a versatile
technology in nano to large-scale fabrication, gaining traction in various sectors such as
medicine, aeronautics, and pharmaceuticals. Its recent application in the architecture,
engineering, and construction (AEC) industry marks a significant shift, especially in
using traditional concrete and steel materials to innovative, sustainable options like
clay. The increasing demand for ecofriendly construction materials propels this devel-
opment. This chapter presents an overview of the latest developments in clay-based
AM within the AEC sector. It discusses the challenges and opportunities of this technol-
ogy, integrating design methods and material approaches. The chapter also examines
the critical interplay of geometry, material properties, and process parameters in AM.
Aimed at professionals in the field, it offers a comprehensive framework and practical
guidelines for engineers, designers, and architects in this dynamic domain.

Keywords: clay, additive manufacturing, design for additive manufacturing, clay
additive manufacturing, sustainability, architecture, building

1. Introduction

The architecture, engineering, and construction (AEC) sector is a complex and
large industry that contributes to nearly 5-7% of the global gross domestic product
(GDP) [1, 2], playing a significant role in the global workforce, economic growth
and development [3]. Despite the economic significance and impact of the construc-
tion industry, it accounts for a substantial portion of global energy and material
consumption and emissions. Specifically, the AEC industry accounts for 30% of the
final energy demand, covering space heating and cooling, water heating, lighting,
cooking, and other uses. This percentage could increase to 34% when the energy used
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to produce construction materials is also considered. Moreover, it represents 37% of
energy-related CO, emissions and 21% of total greenhouse gas emissions [4]. Growing
global concerns over climate change, the depletion of raw materials, and the substan-
tial carbon and water footprints associated with conventional materials have cata-
lyzed a vigorous and ongoing quest for strategies and technologies to mitigate these
challenges and enhance the AEC industry’s sustainability [5]. Consequently, there is
a pronounced drive toward the adoption of innovative practices that not only reduce
the environmental impact of construction activities but contribute to the resilience
and sustainability of built environments. This encompasses exploring alternative
materials, refining construction methodologies, and integrating eco-friendly tech-
nologies and designs to foster a more sustainable and environmentally responsible
AEC industry.

Digital manufacturing and, furthermore, additive manufacturing (AM), com-
monly known as 3D printing in certain contexts, has been rapidly adopted by the AEC
industry [6]. This technology spans a range of methodologies, each designed to enable
the rapid, cost-effective, and efficient reproduction of components. The standards
governing AM are encapsulated in ISO/ASTM 52900, which provides a compre-
hensive outline of the fundamental principles and terminologies associated with
this domain. Thus, the AEC industry has widely adopted concrete-based additive
manufacturing due to the attractive properties of the material, such as its mechani-
cal performance, durability, availability, affordability, and workability, resulting in
economic, technical, and scientific advantages [7-9], exploring concrete [10-13],
cementitious and geopolymers [14-20]. Despite these advantages, the environmental
footprint of using such materials remains a topic of concern [5, 9]. Their production
and use still entail substantial energy consumption and CO, emissions, underscoring
the need for continued research and development to pursue more sustainable con-
struction methodologies and materials that align with environmental conservation
goals. Moreover, using low-carbon and energy-efficient materials is paramount in
decarbonization strategies [4], and thus, currently, it still exhibits great challenges to
be compatible with the sustainability and resilience necessary in cities [21].

Using low-carbon and energy-efficient materials is paramount in decarbonization
strategies [4], which remains a great challenge for concrete. Even if it is used coupled
with AM, it is believed that it can increase the sustainability of the AEC industry since
structures could be shaped in forms that can efficiently weigh between mechanical
performance and material use, increasing productivity. Most cases in which sustain-
ability is addressed and increased for concrete relate to the use of additives such as
recycled and waste-sourced materials [22-24], geopolymers [20, 25], clay, and similar
[9], that could reduce the emissions, the energy and the material use [26]. This
scenario has spurred heightened interest in exploring alternative materials to concrete
for construction through AM.

Therefore, clay has recently emerged as a material of significant interest in the
context of AM within the construction industry. Despite the complexity of cat-
egorizing clays due to their diverse compositions and properties, they are broadly
recognized as natural, fine-grained mineral materials. Clays exhibit a distinct plastic
behavior when moist, allowing them to be easily shaped and molded. Upon drying or
firing, clay hardens, transforming into a durable material suitable for various con-
struction applications [27, 28]. This transformation, coupled with their availability
and expected lower environmental impact, positions clay as a promising candidate for
sustainable construction practices, especially when coupled with AM. The Literature
currently reveals promising results in using clay with AM to create clay-based
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complex structures [29-35], which can be coupled, for instance, with natural fibers
to increase their mechanical performance [36], promoting, for instance, responsive
structures [37].

This chapter explores the use of clay as a construction material within the additive
manufacturing AM context, an emerging focus in the AEC industry. It begins with a
thorough review of significant advancements and case studies demonstrating clay’s
application in construction via AM technologies, underscoring its innovative poten-
tial in modern building practices. The chapter then delves into the crucial findings on
how process parameters, material, and geometric parameters affect the performance
and sustainability of clay-based construction. Drawing from recent research, it
assesses the impact on structural integrity, thermal properties, and environmental
impact. Finally, the chapter offers guidance and consolidates lessons learned from
various projects, providing a framework for designers, architects, and engineers look-
ing to use clay in sustainable construction through AM. This synthesis aims to deepen
the understanding of clay’s potential and promote its informed use in future projects.

2. Recent advances in clay-based additive manufacturing for the AEC
industry

Since ancient times, humanity has used earth-based materials for construction,
aiming to develop shelters and structures. These materials rank among the oldest used
in construction due to their widespread availability, cost-effectiveness, environmental
adaptability, and the extensive knowledge surrounding their use. Earth-based con-
struction remains prevalent today, underscoring its enduring relevance and practical-
ity. Recently, there has been a growing interest in integrating earth-based materials
with AM technologies across various scales as a construction technique for civil and
building elements within the AEC industry.

2.1 Clay-based AM houses

Among the most notable initiatives, the Institute for Advanced Architecture of
Catalonia (IAAC) leads in large-scale additive manufacturing with clay. Their first
project, Pylos, focused on refining techniques and testing mechanical properties via
robotics. Additionally, IAAC’s Digital Adobe wall, Terraperforma, and recent proj-
ects like TOVA and VOLTA prioritize sustainability, using local materials to achieve
zero waste and minimal carbon emissions, showcasing the potential for sustainable
construction practices within the AEC industry [38].

Wasp S.r.l developed some other well-known large-scale projects. For instance,
they developed the Eremo project [39], which used a large-format Delta printer
to develop a circular refuge model constructed from local materials, aiming for
near-zero impact, and Gaia [40], the first circular-shaped, earth-based house made
through additive manufacturing, that took just a couple of weeks to construct and
requires no heating or air conditioning. The building material consisted of 25% local
soil (30% clay, 40% silt, and 30% sand), 40% straw chopped rice, 25% rice husk, and
10% hydraulic lime. More recently, they also developed projects such as TECLA [41]
using multiple crane-type Wasp 3D printers and collaboration with Dior to construct
two circular modules installed in Dubai [42].

Another project developed during the COVID-19 pandemic was Casa Covida,

a cohabitation concept in the San Luis Valley of the Colorado desert. This project
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integrated additive manufacturing with indigenous and traditional materials, dif-
ferentiating itself from previous initiatives that used robotic and crane technologies.
It employed a three-axis SCARA system, augmented with continuous flow and a
stator-driven mortar pump, ensuring precise and efficient delivery of adobe material
to the printing nozzle. This project also used natural-based and locally sourced build-
ing practices.

2.2 Envelopes and facades

An early study developed by Shi et al. [43] explored the potential of clay for
additive manufacturing by introducing an interlocking screen system to develop a
building envelope. Using parametric design techniques via Grasshopper, the team
built each module with a Potterbot SCARA, using a commercial clay mix of 50:50 talc
to ball clay. This modular approach was subsequently applied in the Hive project at
Waterloo University, which featured a privacy wall consisting of 175 interlocking clay
bricks [44].

Modulo Continuo, developed by Jiun Gan et al. [45], consisted of customized
evaporative cooling facade modules. These modules were fabricated using a robotic
arm with low-fire terracotta clay as the material. The authors tackled the intricacies
of curved geometries by managing the convex deformation and curvature of the clay
printings during the drying phase. The modules were printed by experimenting with
various infill patterns and extruder pressures. By customizing each module’s visual
porosity and surface area, the authors suggested the potential for a highly tunable
wall or facade, indicating a novel approach to architectural design that integrates
functional esthetics with environmental needs.

More recently, Sanga et al. [46] applied biomimicry in designing additively
manufactured clay bricks, drawing inspiration from termite mounds. Termites use
their saliva as a binder to build underground shelters, breaking down consumed
cellulose into glucose, polysaccharides, and oligosaccharides. Mirroring this process,
the authors used cassava flour as a substitute to emulate the termite’s construction
behavior. Their findings showed that a 1.5% concentration of cassava flour in the mix
yielded a compressive strength of 4.28 MPa, surpassing that of traditional burned
clay bricks.

Furthermore, Taher et al. [47] delved into the design and fabrication of multi-
functional building components, focusing on an approach to integrate air distribu-
tion duct networks directly into fagade walls. They proposed a detailed workflow
that employed parametric design and design for additive manufacturing (DfAM)
principles to create a clay-based prototype. The study encountered several challenges
related to geometric parameters, including the infill density and the complexity of
intersection nodes along the toolpath. Despite these challenges, Taher et al. under-
scored the significant potential of clay for large-scale additive manufacturing within
the AEC industry, highlighting its utility in developing innovative, functional build-
ing solutions.

2.3 Clay bricks

One of the most extended uses of clay in the AEC industry is bricks due to their
easy-to-obtain load-bearing capacity as a structure. Economically, they are particu-
larly appealing due to the low cost and widespread availability of raw materials,
combined with the simplicity of the firing process used in their manufacture [48].
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Despite a decline in their use since the 1980s in favor of concrete bricks, two-thirds
of the global population is estimated to reside in buildings composed of clay materi-
als [29, 48, 49]. The advent of digital fabrication technologies, particularly AM, has
sparked renewed interest in clay bricks. This interest stems from AM’s potential to
enhance sustainability within the AEC industry. Early experiments in integrating AM
with clay bricks were showcased during the Dutch Design Week through the Building
Bytes project. This initiative featured a desktop 3D printer modified to produce clay
bricks to create diverse architectural structures [50], demonstrating the evolving
intersection between traditional materials and modern manufacturing techniques.

The first formal investigation into clay bricks 3D printing was conducted by
Cruz et al., laying the groundwork for subsequent innovations in this field. Among
these advancements, Abdallah and Estévez [29] introduced an innovative approach
centered on physiological optimization for material deposition. This method is
tailored to the properties of clay and employs a biodigital design methodology.

Using Grasshopper, the authors devised a reaction-diffusion system that leverages
the hydrophilic characteristics of clay. This approach aims to boost sustainability by
reducing the material consumption and the energy required during brick fabrication
through the development of an optimization algorithm that identifies the shortest
path between two points during the construction process, ensuring a more efficient
distribution of loads across the brick structure, thereby enhancing its resistance to
cracking.

Building upon these foundations, Sangiorgio et al. [34] delved into parametric
modeling, exploiting minimal surface and periodic minimal surface geometries with
Grasshopper. This approach aims to design, simulate, and prototype complex bricks
that leverage the exceptional mechanical properties of minimal surfaces. Their find-
ings indicated that bricks structured around a diamond-type minimal surface yielded
the most promising results. However, configurations such as the Scherk tower, gyroid,
and Schwarz P also demonstrated favorable printability, illustrating the potential of
parametric modeling in pushing the boundaries of clay brick manufacturing toward
more intricate and mechanically robust designs.

2.4 Material approaches

While some efforts have successfully created complex structures, most have
focused on developing the manufacturing technique and material performance. For
instance, some research has focused on process parameters. An early investigation
by Kontovourkis and Tryfonos aimed at developing an algorithm for robotic toolpath
planning, focusing on parameters such as infill, overhang control, toolpath planning,
robotic and nozzle control, and printing time using parametric design tools Rhino
and Grasshopper [51, 52]. Pitayachaval and Baothong [53] developed a clay printing
machine using a screw-based extrusion method to layer clay models through a circular
nozzle. They focused on key process parameters such as nozzle diameter, screw
extruder velocity, and screw pitch and introduced a mathematical model to correlate
these variables, assessing their impact on the extrusion process. Their analysis showed
that screw extruder velocity had a minimal effect on the performance across different
nozzle diameters, providing insights into the interactions of these variables during
the clay printing process.

Regarding the material key parameters, Bajpayee et al. [54] explored them using
naturally harvested burlewash clay with a pH of 4.94, aiming to develop a load-
bearing structure by crosslinking the clay through forming a siloxane framework to
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assess the feasibility of local sourcing. They crafted a mixture with a 1:1 weight ratio
of sodium silicate and ground burlewash clay, enhanced with alkaline water and a cel-
lulosic admixture to improve extrudability. Using Grasshopper and RobotStudio for
robotic toolpath planning, they achieved a structure with a yield stress of 34 Paand a
kinematic viscosity of 26.4 Pa s at a shear rate of 1.4 s™', demonstrating the sustainable
potential of this material in construction practices.

Sauter et al. [55] developed a cost-effective, mobile 3D-printing platform with
omnidirectional wheels for unrestricted movement along x- and y-axes, designed
primarily for fine arts rather than the AEC industry. Their study provided a statistical
experimental analysis of process and material parameters, such as layer height, width,
printing speed, and material composition, which included the ratio of dry material
to wetting agent. They noted that the platform’ mobility could introduce printing
errors, particularly with larger objects, due to the lack of reference location. Similarly,
Dielmans et al. [56] created a mobile robotic system for in-situ additive manufactur-
ing (AM), testing its ability to produce accurate clay formworks for constructing
reinforced, lightweight concrete columns.

Further research has focused on enhancing clay properties for AM. Sahoo and Gupta
[57] integrated earth materials with alkali-activated slag-fly ash concrete, examining the
rheological properties, extrudability, and buildability of mixtures containing 48-50%
clay, predominantly Kaolinite with traces of Montmorillonite—with alkali-activated
slag-fly ash concrete. While higher clay content presented structural strength challenges,
their mixtures still met the IS1725 standards for soil-based block construction.

Research efforts have also been directed toward developing natural-based fibers
to enhance clay-based mixtures for construction applications. Akemah and Ben-Alon
[58] to identify suitable natural fibers for extrusion, aiming to optimize the mixtures
for high static yield stress and minimal buckling, informed by research from Tay et al.
[59]. They hypothesized that the effectiveness of a clay-based mixture as a construc-
tion material hinges on the cohesive interaction between the clay binder and the
natural fiber reinforcement. Their experiments showed that adding fibers like wheat
straw and hemp significantly improved the properties of clay. Evaluations confirmed
that these fiber-enhanced clay mixtures are compatible with advanced additive manu-
facturing technologies such as direct and delta screw extrusion, demonstrating the
potential of natural fibers to improve clay-based construction materials.

In another case, Jacquet and Perrot [60] explored the potential of enhancing
clay by adding vegetable waxes, specifically coconut, soy, and rapeseed, focusing on
soy wax. They discovered that a small addition of wax notably improved the water
resistance of the clay materials, increasing their versatility. Furthermore, the wax’s
thermal properties facilitated a smoother manufacturing process by reducing the clay’s
stickiness and introducing a thermal setting aspect during printing. The study high-
lighted that these enhancements could benefit the AEC industry by providing innova-
tive solutions for housing construction and reducing urban heat island effects. It also
pointed out that the chemical composition of the materials influences the effectiveness
of natural admixtures like wax and that the typical sticky and viscous nature of clay
can be mitigated by adjusting the mixture composition or printing temperature.

3. Role of process, geometry, and material parameters

Earthenware and stoneware are the most common clay types used for architectural
applications. The former consists of large particles and low-fire clay bodies, while the
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latter fires at high temperatures [61, 62]. Clay may differ from other materials com-
monly used for extrusion-based additive manufacturing in its unstable nature, mostly
around its rheology and other properties, and the influence of the pumping pressure
on the quality of the printed objects [63].

Even though the use of clay in additive manufacturing has been increasing
recently, there remains a notable deficiency in systematic information, standardiza-
tion, and testing to evaluate process, material, and geometry parameters. Directly
applying standards common to traditional clay use could be challenging and may
result in inaccurate assessments [5, 64]. Although the research addressing these
parameters is not extensive, several key effects have been documented across vari-
ous studies. This section provides a reference framework, summarizing significant
findings and establishing a foundation for future research. This summary aims to
consolidate knowledge and identify critical areas where further investigation could
enhance understanding and improve practices in the relevant disciplines.

3.1 Permeability

Permeability is a crucial parameter often used to characterize soils, including
clays. The permeability of clay is influenced by several factors, such as its particle
structure, shape, pore size, uniformity and distribution, high specific surface area,
the strong attraction of water to clay particle surfaces, and its plasticity [65-67]. Due
to its cohesive nature, clay is generally considered to have low permeability. Various
empirical and theoretical relationships, such as the Atterberg limits, have been
established to determine clay permeability. These limits are used for the identifica-
tion, description, and classification of clays and to evaluate their mechanical proper-
ties [65, 68]. One can also mention the extensively used Kozeny-Carman equation,
an empirical approach widely used to determine the specific surface area of cohesive
soils by predicting the hydraulic conductivity of soils [69].

The permeability of clays contributes to their hygric capacity, which can be
leveraged to regulate indoor temperature and humidity levels, offering potential
benefits in the AEC industry [58]. In the case of concrete, permeability in 3DCP can
be assessed through typical experiments such as mercury intrusion porosimetry
(MIP), water absorption, and sorptivity. However, the Literature has not extensively
explored the effects of permeability on clay during and after the 3D printing process.

A recent study by Carr et al. [66] investigated the impact of 3D printing on the
physical characteristics of clay, covering aspects like Atterberg limits, particle size
gradation, and specific gravity. This study is among the few that have explored the
effects of permeability in clay 3D printing, establishing a valuable framework for
future research in this area. In their experiments, cylindrical clay-based specimens
with a diameter of 35.5 mm and height of 50.8 mm, weighing 50 g each, were fabri-
cated using Kaolinite clay with a void ratio of ¢=1.0.To enhance the flowability of
the powder, it was dried for 10 hours at 200°C to minimize water content during the
AM process. After printing, these specimens were sintered at 1093°C. For comparative
analysis, control specimens were prepared using the dry pluviation technique with
stoneware clay powder, achieving a void ratio of e=1.0, then remolded to facilitate
direct comparison with the 3D printed specimens.

The authors addressed the impact of 3D printing on soil properties, focusing on
clay permeability and shear strength. Sieve analysis was conducted on pulverized
3D-printed specimens to assess their particle size distribution, identifying the clay
as low-plasticity. Analysis revealed particle fusion during sintering, and despite
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efforts to meet Atterberg limits through 24-hour hydration with de-aired water, these
were not achieved. This suggested that the stoneware clay powder did not maintain
cohesiveness post-printing. Further insights were obtained using scanning electron
microscopy (SEM), which showed significant changes in the particle structures
post-printing, notably smoother surface textures. This textural change, likely due

to the addition of fire-resistant materials, was hypothesized to enhance specimen
permeability by increasing porosity and reducing shrinkage during sintering, poten-
tially improving the clay’s permeability. Nonetheless, permeability variability was
minor and less influenced by confining pressure. The analysis also indicated increased
strength in the printed specimens.

3.2 Plasticity and extrudability

The plasticity of clay-based materials is significantly influenced by their water
content, a factor critical to their extrudability, especially in 3D printing applications
[70]. Kaolin clay, for instance, features a crystalline platelet-like structure comprised
of small particles and water of formation. In this context, water functions similarly to
a lubricant, allowing particles to glide over each other under shear forces rather than
breaking apart. This mechanism enables kaolin clay to exhibit plastic shear-thinning
behavior, known as thixotropy, where the surface tension between water and clay
particles helps maintain the object’s shape. However, water content also impacts the
flowability of the clay. If the water content surpasses the minimum needed to sustain
surface tension, the clay becomes overly fluid, consequently losing its ability to hold a
defined shape [71]. Balancing water content and plasticity is crucial for successful 3D
printing with clay, where maintaining the right consistency is critical to achieving the
desired structural integrity and shape.

3.3 Buildability

Buildability is one of the most common criteria for testing the performance of an
additively manufactured part, especially for cement-based and clay-based materials
[57, 58, 64, 72]. This property can be evaluated both qualitatively and quantitatively,
focusing on factors such as the build rate and the stability of the printed layers.
Critical aspects that influence buildability include the maximum load that the initial
layer can support, the material’s early strength development, and the printed part’s
geometry. These factors are crucial in determining how effectively the structure can
withstand the successive layering process without undergoing deformation or col-
lapse, thereby ensuring that the additive manufacturing process yields durable and
structurally sound components. Despite its importance, standardization in build-
ability testing remains underdeveloped. However, several tests are referenced in the
Literature, such as the cylinder and single-direction wall tests, commonly used to
assess the structural integrity and layer cohesion of 3D-printed objects. Additionally,
stability settlement tests are also mentioned, which evaluate the plastic collapse of a
structure under the maximum load that the first layer can bear.

3.4 Flow rate

Flow rate measurements are critical in optimizing the extrusion process in additive
manufacturing. For instance, Fleck et al. [33] examined how the flow rate of mate-
rial exiting the nozzles correlates with the temperature at the nozzle tips. In their
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study, temperature increases were induced by vibration, which, in turn, exponen-
tially increased the flow rate. The authors employed the Andrade equation to model
this behavior, which connects viscosity with temperature under the assumption of
Bingham plastic behavior. This equation was paired with the relationship of laminar
flow rate to viscosity, suggesting that the increased flow rates resulted from reduced
viscosity due to the rise in temperature and vibrations at the nozzle tip.

The flow rate of extrusion also significantly influences other printing parameters.
Wi et al. [35] noted that if the extrusion flow rate is too slow or too fast relative to
the set printing speed, it can adversely affect the printability and buildability of the
object. Inappropriate flow rates may cause the object to tilt, slump, or collapse over
time, leading to severe distortion or poor printing quality.

Moreover, some studies have approached numerically the prediction of flow rates
during additive manufacturing of cementitious and ceramic materials, but there is
still a lack of studies on clay additive manufacturing.

3.5 Surface roughness

The surface roughness of 3D printed clay parts is a critical aspect often assessed
by non-destructive methods such as direct visual inspection through images [53, 73]
and a light scanning system [35]. These methods provide valuable insights into the
effects of printing parameters, geometry, and material characteristics on the final
product. Surface roughness is a significant parameter in manufacturing industries
because it is closely related to product quality and precision, impacting critical factors
such as friction, contact deformation, heat and electric current conduction, the
tightness of contact joints, and positional accuracy [74]. Pitayachaval and Baothong
[53] noted that higher screw pitches tend to result in smoother surfaces, although
their assessments were purely qualitative without further quantitative measurements.
Conversely, Wi et al. [35] introduced a 3D Light Scanning System (3D-SLSS) that
operates akin to human stereo vision but uses a projector to emit multiple phase-shift
patterns sequentially while a camera captures the surface images of the object. This
setup allows for non-contact, non-destructive testing of various visual and surface
parameters, including surface roughness. For this study, surface roughness was
quantified using metrics such as the arithmetic average height (Ra), root mean square
roughness (Rq), and 10-point height (Rz), finding that roughness increased with the
extrusion flow rate and printing speed.

Additionally, Afriat et al. [73] explored the quality of external surfaces on printed
elements using vibration-assisted printing (VAP), which allows the use of smaller
nozzle diameters. This approach resulted in improved surface quality and sharper
corner angles. The surface quality was evaluated using GOM Inspect (now ZEISS
INSPECT Optical 3D), enhancing the assessment of the printed elements’ external
characteristics. These methodologies highlight the importance of precise control over
printing parameters to optimize surface quality in 3D-printed clay products.

3.6 Layer thickness

Layer thickness is a critical parameter directly impacting the printed part’s surface
roughness and overall quality. Smaller extruder diameters are advantageous as they
tend to produce thinner layers, resulting in smoother surface finishes. Some results
in the Literature have shown an interesting relationship where the higher the print-
ing speed, the less viscous the fluid becomes [71]. This observation aligns with the
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behavior of supersaturated clay suspensions, which are known to exhibit shear-thin-
ning properties. This thixotropic, non-Newtonian behavior of clay makes it particu-
larly suitable for processes where control over viscosity and flow rate is essential for
achieving high-quality prints.

Besides, the first layer is fundamental for the printing process. Among the vari-
ous factors influencing the first layer in printing, nozzle parameters, printing speed,
bed temperature, surface adhesion, bed leveling, and the Z-offset calibration of the
printer are crucial [33, 71]. Boyer et al. [71] investigated the impact of three different
substrate types on the printing process: aluminum, paper, and polishing paper. They
found that the material tended to slide over the surface of aluminum, which could
compromise print quality. Although initial adhesion was adequate with paper sub-
strates, the quality deteriorated over time, likely due to the paper’s water absorbance.
In contrast, polishing paper, characterized by lower permeability and higher surface
roughness, provided better adhesion and overall results than the other substrates
tested. This study highlights the importance of selecting the appropriate substrate to
ensure optimal first-layer quality and overall printing success.

3.7 Nozzle geometry

The nozzle is a critical component of material extrusion-based additive manufac-
turing technologies, serving as the conduit through which the material is extruded. Its
design and geometry must be meticulously tailored to align with the specific proper-
ties of the material used, including its composition and consistency. Key factors
such as viscosity, the presence of aggregates, and fiber lengths must be considered
to ensure that the nozzle can effectively and efficiently handle the material without
clogging or causing irregular extrusion. For cement-based and clay-based materi-
als, the nozzle shape usually follows two types of sections: rounded or elliptical and
rectangular or squared [75, 76], which are associated with the printing quality [5],
including factors such as the presence of air pockets, cold joints, adherence between
layers, among others [77].

The nozzle diameter is a key parameter in additive manufacturing, requiring care-
ful selection to meet specific requirements. According to Chan et al. [32], the choice
of nozzle significantly affects the printed parts’ quality, speed, material consumption,
and precision. It is feasible to use larger nozzles provided they are paired with suit-
able combinations of printing pressures and speeds once the minimum nozzle size is
exceeded. Furthermore, the design and architecture of the nozzle itself are crucial for
the quality of the manufactured part.

Jauk et al. [78] introduced customized nozzles for the Delta WASP 40100 Clay
model printer, designed to enhance the printing of filament-reinforced clay objects.
These nozzles feature a filament-guiding mechanism that centers the filament within
the extrusion channel, ensuring consistent application. The nozzle design includes a
threaded base for secure attachment to the extruder, a smaller inner nozzle to guide
the filament, and a larger outer nozzle that shapes the extruded clay. This adaptation
is specifically tailored to incorporate fiber reinforcement directly into the clay matrix
during printing, potentially increasing the tensile strength of the final product by
approximately 15%, irrespective of the fiber type used. This innovation exemplifies
how adjustments to nozzle design can significantly enhance the functional properties
of 3D-printed objects.

The printer nozzle plays a crucial role in determining the resolution and detail of
printed parts, with smaller nozzles allowing for thinner layers and greater accuracy in
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rendering fine details. According to the results shown by Chan et al. [32], a decrease
in pressure and velocity is observed as the nozzle size increases. Conversely, increas-
ing the storage space while maintaining the same printing speed and nozzle size
needs higher pressure for effective printing. If the nozzle diameter is large, it results
in higher material consumption per layer, which can significantly impact production
costs. Conversely, smaller nozzle sizes enhance material efficiency, minimizing waste.
Fleck et al. [33] delve into the critical parameters of extrusion additive manufacturing
that are essential for maintaining control over material geometry, especially when
printing at high viscosities and variable speeds, which can lead to over-extrusion.

Additionally, their rheology analysis showed that the printing was unsuccessful
for diameters lower than approximately 0.26-0.30 mm. This suggests that the viscos-
ity of the material is a limiting factor in achieving successful printing under certain
conditions. Furthermore, larger nozzle diameters can facilitate higher printing
speeds, allowing more material to be extruded quickly. This capability is particularly
advantageous for the rapid production of parts. Afriat et al. [73] highlight an addi-
tional benefit when employing vibration-assisted printing (VAP), which can achieve
printing speeds ranging from 5000 to 6000 mm/min. This significant increase in
printing speed substantially reduces the time required to print highly viscous materi-
als and enables the extrusion of even more viscous substances. The interplay between
nozzle size, material viscosity, and printing parameters like pressure and speed are
critical to optimizing 3D printing outcomes.

3.8 Tensile behavior

In the case of Fleck et al. [33], the authors assessed the mechanical properties of
3D-printed dogbones, adhering to ASTM D638 standards, and compared them with
those manufactured conventionally. The findings indicated that the 3D-printed parts
generally displayed poorer mechanical performance. Notably, parts printed at 0°
orientation exhibited the highest elastic modulus, recorded at 6.10 + 0.68, while the
greatest ultimate strength was observed in parts printed at 90°, achieving 1.29 + 0.07.
The unexpected strength increase in 3D-printed parts at a 90° orientation was
surprising, as this alignment is typically weaker due to its perpendicular orientation
to the pulling direction, akin to composite laminates. However, the authors suggest
that overfilling during printing may have inadvertently increased the interface’s
contact pressure, thus enhancing the ultimate strength. This finding suggests that
the interaction between material deposition and mechanical stresses during printing
significantly impacts the final properties of 3D-printed objects, indicating a need for
further research to optimize printing strategies for improved mechanical outcomes.
Additionally, it highlighted that corner-turning in print geometry could cause over-
filling, leading to reduced geometric accuracy due to the firmware’s requirement for
zero-velocity changes based on Marlin’s trapezoidal velocity profiles [79]. To mitigate
this, adjustments in the g-code are necessary to manage the flow and accommodate
temperature-induced material behavior.

3.9 Printing quality and costs

Print speed is a crucial factor that significantly impacts operating costs in additive
manufacturing. Faster printing speeds can reduce energy and material consumption,
offering economic benefits. According to Kim et al. [80], the screw-type extrusion
method is versatile, capable of handling various material types, including very
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thick ones, and can complete numerous tasks quickly. However, this method faces
challenges in achieving precision, particularly with complex shapes. Increasing the
printing speed initially may reduce the production time but at the cost of the quality
of the output. High printing speeds are often associated with imperfections in the
final part, such as layer errors or reduced resolution. Sauter et al. [55] delve into this
issue by investigating the optimal printing parameters that minimize errors. Their
study provides a detailed analysis of various parameter pairings such as layer width
and concentration, layer height and concentration, layer width and printing speed,
layer height and printing speed, and printing speed and concentration.

4. Lessons, challenges, and opportunities

One significant barrier to the broader adoption of clay in AM is the lack of clear
guidelines, largely due to limited research on essential parameters like geometry,
material, and process. Although many researchers and companies have demonstrated
its technical feasibility for various applications such as facades, these studies often
emphasize broad viability over detailed operational specifics.

This chapter addresses the need for more targeted research to understand how
these key parameters impact outcomes in AM processes using clay. The AEC industry
can harness AM with clay more effectively to enhance sustainability by developing
a deeper understanding of these interactions. This could lead to more robust guide-
lines and standards that facilitate the integration of clay-based AM into mainstream
construction practices, improving efficiency, cost-effectiveness, and environmental
impact. Different approaches are essential to maximize the potential of AM, par-
ticularly when tailored to specific applications. Like traditional manufacturing, AM
performance is influenced by various factors, focusing on technical, economic, and
sustainability aspects to determine the most suitable method for the intended applica-
tion. One strategy for leveraging AM’s full potential that considers the design of parts
and products within the constraints of their capabilities is design for additive manu-
facturing (DfAM) [81].

DfAM is part of the broader DfX (design for X) family of methods, which aims
to ensure that the engineering design process aligns effectively with AM capabilities.
This approach helps to harness techno-economic benefits such as the ability to pro-
duce low-volume, high-complexity parts efficiently. DfFAM involves using advanced
tools that cater specifically to AM design challenges. DFAM must address the various
technologies encompassed within AM and attempt to integrate them into a cohesive
process chain. This integration allows all manufacturing process components to inter-
act effectively, leading to efficient production outcomes [82]. By focusing on these
aspects, DFAM optimizes the manufacturing process and enhances the functionality
and customization of the products, making it a pivotal approach in the evolution of
additive manufacturing.

The use of DfAM typically involves establishing a reference framework that facili-
tates the exploration, design, optimization, and manufacturing of parts or products
[83-87]. For this chapter, the application of DfAM focused primarily on developing
process parameters, geometry, and material approaches. In this context, the analysis
deliberately excludes broader environmental, economic, and social factors, concen-
trating solely on the technical aspects that directly influence the various stages of
design and manufacturing within AM. This focused approach allows for a deeper
understanding and refinement of the technical factors critical to optimizing additive
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manufacturing processes. By narrowing the scope of investigation, this chapter aims
to provide clear, actionable insights that enhance the effectiveness and efficiency of
DfAM in addressing complex technical challenges within the AM field.

Based on a holistic analysis of data available in the literature and from manufac-
turers, the process parameters, geometry, and materials discussed in the previous sec-
tions were used to define a tailored framework for DFAM. This framework, inspired
by the methodology outlined by Trovato and Cicconi [88], is designed to cater specifi-
cally to the unique challenges and opportunities presented in this particular case. The
details of this adapted framework are visually represented and can be thoroughly
examined in Figure 1. This figure illustrates how the conceptual framework integrates
various elements of DfAM to effectively address the practical aspects of additive
manufacturing, ensuring that the design process is optimized for the specific materi-
als and technologies involved.
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Figure 1.
Proposed DfAM reference framework for manufacturing clay-based non-structural blocks, adapted from the
methodologies proposed by Trovato and Cicconi [88].
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Issue Possible cause and proposed solutions References
Lines and marks in the Cause: issues with the nozzle (adhered particles, damage, and [73]
direction of extrusion others) or inadequate processing conditions. [31]
Proposal: clean the nozzle. Check for any damage. [32]
Non-uniform Cause: nozzle calibration [33]
thickness in the Proposal: calibrate the nozzle to ensure it is centered. [89]
transverse direction [80]
Non-uniform Cause: flow fluctuations. Proposal: check for the absence [32]
thickness in the of pressure or motor power oscillations. Verify the extruder [33]
longitudinal direction temperature. Ensure the temperature controllers, resistors, and [89]
fans are functioning properly. [80]
Presence of impurities Cause: adhesion in the nozzle, head, filters, or even extruder.
Inadequate processing conditions.
Proposal: check the condition of filters. Clean the head, nozzle, or [31]
extruder. Purge with another material. Check for potential sources [53]
of contamination. Validate and adjust processing conditions if
necessary.
Table 1.

Common problems and explored solutions veported in the literature.

Furthermore, Table 1 shows some insights into the Literature related to the
process, material, and geometry parameters that can serve as a troubleshooting table
based on previous experiences.

5. Conclusions

Recent advances in clay-based additive manufacturing for the AEC industry have
demonstrated remarkable progress, reflecting a growing trend of integrating tradi-
tional materials with modern technological approaches to enhance sustainability and
efficiency. The use of earth-based materials, notably clay, in construction dates back
millennia and continues to be significant due to its abundance, cost-effectiveness, and
versatile properties suitable for various environmental conditions. Several pioneering
projects have set benchmarks in the field, such as those spearheaded by the Institute
for Advanced Architecture of Catalonia (IAAC). These projects have used large-scale
additive manufacturing techniques with clay, enhancing traditional construction
methods with modern precision and sustainability considerations. However, the
application of this technology extends beyond the construction of large structures
like houses to include envelopes and facades, as well as more traditional uses in brick
manufacturing.

Research in this field is rapidly increasing, with studies exploring different proper-
ties of clay in additive manufacturing settings that can provide a deeper understand-
ing of how clay behaves under different manufacturing conditions and how these
properties can be optimized to improve product quality and structural integrity. The
field of clay-based additive manufacturing is poised to expand further, exploring new
material combinations, improving printing technologies’ precision, and enhancing
construction practices’ sustainability. Collaborative efforts between academic institu-
tions, industry leaders, and architectural firms are crucial in driving innovation and
adoption of these technologies in mainstream construction projects. By bridging the
gap between traditional materials and advanced manufacturing techniques, the AEC
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industry can better address the growing demands for sustainable development and
environmentally adaptive construction solutions.
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Chapter 4

The Effect of Samples Disturbance
of Partially Saturated Expansive
Clay Soils on the Soil Properties

Nariman Hisham Halalo

Abstract

The internal structure of the expansive clay soils is sensitive to the disturbance.
When the samples are extracted, the structure of the natural soil is damaged when it
is remolded. Therefore, a change in the properties of the expansive soil happens. This
matter must be more precisely defined in the design of the foundations of engineer-
ing facilities. The objective of this research is to conduct a study of the effect of the
disturbance of expansive clay partially saturated soil samples. The obtained results
indicate that the behavior of the expansive soil tends to change during the formation
of samples. This behavior is based on soil properties, chemical composition and the
content of their expansive soil minerals. Soil structure disturbance causes a decrease
in soil property variables.

Keywords: expansive soil, partially saturated soil, samples disturbance, soil properties,
Direct Shear Test

1. Introduction

An expansive clay soil can be defined as soil whose volume changes with changes
in its moisture. The volume of the soil increases when it swells as a result of the
increase in the thickness of the water membranes around the soil particles, while
when it shrinks, the volume of the soil decreases as a result of the decrease in the
thickness of the water membranes around those particles [1].

The behavior of expansive soil is affected by several physical, chemical and environ-
mental factors attributed to the expansive nature of the soil, which is represented by the
type and amount of clay minerals, the physical and chemical properties of the expan-
sive clay, soil density, water content, evidence of plasticity, temperature and time [1].

The special behavior of this soil and its direct relationship with water, and the
risks that this behavior leads to for various engineering facilities, make this soil a field
for much research (Figure1) [2].

Clay minerals greatly affect the volumetric change in expansive soils, as kaolinite,
montmorillonite, and Illite are the common clay minerals in expansive soils, and soils
containing montmorillonite minerals are swollen in nature [3].

The importance of engineering trial in choosing the distinctive characteristics of
expansive soils and the effects of their application and modification in order to ensure
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Figure 1.
Cracks in the swollen soil of the soil of Umm Rawaq village (Suwayda Governorate — Syria,).

the safety and stability of the structure and thus reach the optimal solution for choosing
the appropriate type of soil for designing the foundations of engineering facilities [4].

An expansive soil tests have a significant impact on the design of foundations, as
they provide sufficient information to determine the characteristics of the expansive
soil and its parameters, and to know whether there are technical Remolded that
require research and investigation [5, 6].

2. Research justifications

The behavior of expansive soils is a reflection of the capillary property of the soil
under the influence of periodic paths of wetting and drying due to natural environ-
mental fluctuations [7]. This behavior is related to the disturbance occurring to the
sample when it is transported to the laboratory, which can be classified as follows:

1. Changes in the stress status of the soil.
2. Changes in moisture content and void ratio.
3.Chemical changes.

The change in the stress situation in the soil is related to the water saturation state
of the soil, which is either completely saturated with water or partially saturated with
water. These saturated states of expansive soil led to thinking that there is a major
Remolded in determining the stress state of the soil and the compressibility of expan-
sive soil, especially for large engineering structures such as dams and bridges [8].

The foundations for determining the specifications of the swell rank are based
on the results given by intact samples. The Remolded of research is that we are often
forced to resort to remolding samples in the laboratory due to our inability to obtain
intact samples [9].

In light of this, it is important to recognize indicators of the properties of expansive
soils, which are determined by the soil resistance associated with the soil texture, which
can be known from Atterberg’s limits, especially the liquidity index (LI) [1]. The extent
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of the soil’s ability to swell is related to the plasticity index (PI) and the soil structure,
which depends mainly on the mineralogical analysis of the studied samples [10].

3. The main objective of the research

The importance of this research is focused on providing a clear vision of the effect
of sample disturbance on the properties of the partially saturated expansive clay soils
[11], through:

1.Introducing the concept of disturbance of samples of expansive clay soil in
conditions of unstable soil from wetting and drying (partially saturated soil) by
presenting

a.The main causes of sample disturbance.
b.Effects resulting from sample disturbance.

2.Study the effect of disturbance on the behavior and properties of partially
saturated expansive clay soils, which includes physical, mechanical and chemical
properties

4. Forms of soil tests

Most tests performed in the laboratory are to determine the physical, mechanical
and chemical properties of the soil. The most important of these laboratory and field
tests, with reference to the standard references and codes based on which the tests
can be conducted. We will mainly refer to the standards of the American Society for
Testing and Materials (ASTM) (Table1) [11].

ASTM D-2216 Moisture content (W)
ASTM D-4318 Atterberg Limits
ASTM D-7263 Total unit weight (y)
ASTM D-854 Specific gravity
ASTM D-422 Sieve analysis
ASTM D-1140 Percent finer sieve 75 micron (sieve # 200)
ASTM D-3080 Direct shear
ASTM D-2435 One-dimensional consolidation
ASTM D-698 Standard Proctor test
ASTM D-5084 Falling Head Soil Permeability Test
Organic fertilizer reference Organic matter content
ASTM-D 4972 PH value
Table 1.

Laboratory tests according to the American code (ASTM).
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5. Samples disturbance

Taking samples is considered one of the most important stages of engineering
work, and its importance is no less important than the tests that will be conducted on
it. Therefore, it is necessary to exercise accuracy and caution when taking samples and
how to fill them so that they are samples representative of the nature of the natural
soil. Samples are taken to describe the type of soil and conduct laboratory tests, which
are:

1. Classification tests (Atterberg limits).

2. Tests to determine engineering design standards (resistance, compressibility and
permeability).

Soil disturbance occurs during excavation, during sampling, during transporta-
tion and storage, or during preparation for testing. In general, any soil sample taken
from the site and transported to the laboratory will be subject to disturbance. The
availability of good engineering standards for design depends on careful testing. The
test can be carried out in the laboratory or in the field, but in both cases the most
important factor for judging the quality of the final results must be to avoid disturb-
ing the soil samples [12].

6. Main causes of sampling disturbance

They can be classified according to the following table into the various stages of
site inspection into [12]:

Reasons before sampling Reasons
during sampling Reasons after
sampling

Reasons before sampling Reasons
during sampling Reasons after
sampling

Reasons before sampling Reasons
during sampling Reasons after
sampling

Reducing or releasing stresses
Reducing or releasing stresses.
Reducing or releasing stresses

Reducing or releasing stresses
Reducing or releasing stresses.
Reducing or releasing stresses

Reducing or releasing stresses
Reducing or releasing stresses.
Reducing or releasing stresses

Swelling Collapse of soil
Moisture loss

Swelling Collapse of soil
Moisture loss

Swelling Collapse of soil Moisture
loss

Pressure displacement effects of
sample freezing

Pressure displacement effects of
sample freezing

Pressure displacement effects of
sample freezing

Displacement cracking or
shattering of soil by high
temperatures

Displacement cracking or
shattering of soil by high
temperatures

Displacement cracking or
shattering of soil by high
temperatures

Foundation stones swell at the
cutting edge due to the effects of
vibration and shock

Foundation stones swell at the
cutting edge due to the effects of
vibration and shock

Foundation stones swell at the
cutting edge due to the effects of
vibration and shock

Collapses, mixing and separation
of soil, effects of chemical
reactions during pouring

Collapses, mixing and separation
of soil, effects of chemical
reactions during pouring

Collapses, mixing and separation
of soil, effects of chemical
reactions during pouring

Table 2.
Main causes of sampling disturbance.
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1. Reasons before taking samples.
2.Reasons during sampling.

3.Reasons after sampling (Table 2).

7. Effects resulting from sample disturbance

In addition to the process of digging and taking samples, soil disturbance can
affect several factors, as the difference in the method of taking samples directly
affects the value of the shear resistance of undrained soil, as high-quality methods for
extracting samples such as (JPN & Sherbrook) samples, which give undrained shear
strength It costs double the values for samples extracted using the (Shelby & NGI54)
method (Figure 2) [13, 14].

8. Criteria for evaluating the quality of samples

The data values of the studied samples are analyzed to estimate the quality of the
sample using several criteria, which is called the sample quality presumption (SQD),
defined by the scientist Terzaghi et al. [15] in addition to Lunne et al’s [16], and these
criteria are summarized in the following Table 3:

Figure 2.
The effect of the sampling method on the relationship curve between (deformation and shear stress) within the
divect shear experiment.

Sample quality standards (SQD) [ﬂ = ?]—VJ Criteria / Lunne(1997)
€ )
£, SQD OCR=1-2 OCR=2-4 Rating
<1 A <0.04 <0.03 Very good
1-2 B 0.04-0.07 0.03-0.05 Good to fair
2-4 S 0.07-0.14 0.05-0.10 Poor
4-8 D >0.14 >0.14 Very Poor
>8 E — — —
Table 3.

Criteria for evaluating the quality of samples according to Terzaghi et al. [15], Lunne et al’s [16].
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9. Precautions to be taken to preserve samples
9.1 Soil sampling tools

There are many tools that are used in taking soil samples, such as a soil roller,
auger, shovel, soil auger, drill, and rings for taking soil samples (Figure 3).

9.2 How to take soil samples from the field and prepare them for analysis

A field visit is made to the field or study area and some information is recorded
about it by looking at it, such as the topography of the land, the condition of the
plants there (if any), construction, texture, and the condition of the ground water.
Then a sketch drawing of the field is made and the fixed places surrounding the land
are placed on this drawing (Roads, mosques and churches) He also signs the points
from which samples will be taken. After completing the previous step, he goes down
to the field (study area) and takes samples from the specified places using the appro-
priate tool.

After taking the sample, it is placed in bags bearing the sample data (such as
the sample number, sample coordinates, and the depth from which the sample was
taken). The sample is then transported to the laboratory and spread out to air dry
at the temperature of the laboratory. After that, we keep it in the bags with the data
written on it until it is analyzed.

9.3 Laboratory description of the soil

We have mentioned that the soil must be described by mentioning its necessary
engineering properties. Therefore, the size of the soil grains constitutes an essential
factor in describing non-cohesive soils, while cohesive (silty) soils are described
according to their degree of cohesion, as the percentage of clay present in the soil
constitutes the controlling element on the soil’s properties and behavior.

One of the difficulties encountered in describing soil is that most soils are a
mixture of gravel, sand, silt, and clay, and there are general methods that must be
followed when we want to describe a soil in the laboratory.

1. We read the description page provided by the sounding controller and compare
its numbers with the numbers of the samples to be described, then we open the
boxes carefully and with special care if the samples are intact.

Figure 3.
Taking a soil sample using a shovel.
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2. We arrange the samples logically according to their numbers so that we separate
healthy samples from damaged samples.

3. We remove the wax cover with a sharp cutting tool so that the sample is not
exposed to damage or scratches.

4. We must maintain the degree of humidity of the sample as much as possible and
not remove wax from sealed samples except at the time of use, and always take
only the necessary amount. We also try to prevent changing its chemical compo-
sition due to oxidation in the air.

5. We examine the sample without destroying it, and we specifically mention the
degree of its cohesion or disintegration [17].

9.4 Sample filling

Immediately upon obtaining the samples, the samples are filled in sealed contain-
ers, such as plastic containers or plastic bags, and then placed inside fabric bags,
taking care not to crush them when inserting them into the bag. The sample must
fill the container as much as possible, and in the event that the sample is a continu-
ous sample Like rock samples, they are kept in boxes with divisions of appropriate
diameters so that they hold the samples without compressing them. However, in the
case of extracting healthy samples, these samples must be protected in appropriate
ways from drying out, changing their size, or slipping in the container.

As for samples taken from cohesive soil and cut into cubes, the samples can be
covered well with one or more layers of wax, and each sample is placed separately in
an outer cover with the same dimensions of wood or something similar to protect it
during transportation.

The sample is usually coated with wax after melting it to maintain its moisture and
structure by [17]:

a.Paraffin wax.

b.Labels that are attached or affixed to the sample or the container that contains it.
c.Sequentially numbered stickers.

d.Electric heater to heat the wax.

e. Containers for storing extracted samples.

f. Samples must be documented according to their number in the form of a booklet
or a packet of papers.

g.Racks for storing samples.
9.5 Waxing samples

Its purpose is to preserve the moisture of the samples in their natural state and to
preserve their structure from damage.
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Intact block or cubic samples can be waxed by pouring wax on them, with the
advisability of covering them once or twice with a preliminary coating using a brush
so that the wax does not enter into their cracks and pores. Then the entire sample
can be dipped in molten wax, and the work is repeated until a wax layer of about (2)
thickness is obtained. 5 mm), and to protect the sample from shattering, the sample
can be wrapped in a linen cloth after covering it with wax, then immerse it again with
the cloth in the molten wax (Figure 4) [17].

9.6 Storage of samples

Samples are stored in sealed containers and placed on exposed shelves.
Healthy samples must be separated from spoiled samples. The destroyed samples
are stored in bottles or metal containers of an appropriate size in order to reduce
the loss of moisture as much as possible. Cards are placed inside the containers and
numbered stickers are affixed to them on the outside of the containers or bottles.
Then a list of the samples, their type and numbers is written, mentioning the date
the sample was stored if we want to store a large number of samples. Samples
for long periods of time. In all cases, the following data must be recorded when
sampling [12]:

a.The general location, with its clarification on a sketch plan.

b.General information about the project.

c.Hole number and dimensions.

d.Number of samples and locations of extraction.

e. Date the sample was taken and weather conditions.

f. Sampling method.

g. Approximate area or quantity.

h.Groundwater level, if detected.

i. General description of the soil.

Figure 4.
Packaging and waxing of samples used in vesearch.
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9.7 The importance of sample formation

Sample formation is of utmost importance in geotechnical science because it has a
clear impact on laboratory results and its reflection on the design reality later. This is
due to our inability to obtain intact samples during drilling (the difficulty of drilling,
the nature of the site, the use of water during drilling) and the inability to obtain
samples. Sufficient in length, therefore, the sample must be reconstituted to under-
stand the behavior of the soil and determine its variables. The destroyed sample can
be utilized by classifying the soil and determining the classified physical specifica-
tions (Atterberg limits, granular sieve analysis).

The basic physical specifications (natural humidity, normal volumetric weight,
dry volumetric weight) can be determined if there are pieces of the destroyed
sample that are similar to the mother soil (do not use water during excavation) and
the mechanical specifications (cohesion and friction) cannot be determined, so
the sample must be formed according to one of the codes. Then, experiments were
conducted on it, including direct shear experiments and compression experiments, in
order to determine the mechanical specifications and benefit from them in determin-
ing the bearing capacity and subsidence [18].

9.8 Methods used in sample formation

There are several ways to form samples according to the desired purpose of
forming the sample to serve the desired scientific purpose, and methods of forming
samples according to the American Code (ASTM).

Samples are prepared using the specified optimum moisture content and
maximum dry volumetric weight. The sample is formed either by compacting it or
knocking it into layers. The amount of soil for each layer is determined and placed
in the device. Then the sample is compacted to achieve the required volumetric
weight. The soil continues to be added and compacted until the entire sample is
compacted. The materials subjected to the test will be completely mixed with a
sufficient amount of water to obtain the desired moisture content, and the samples
will be left for periods of time according to the classification (ML, CH). According
to the instructions and according to the American Code, the minimum waiting time
is (18 hours).

* The destroyed sample is formed [19] and requires passing the soil through sieve
No. (#4) and drying it in the oven at a temperature of (105°~110°C). The sample
similar to the original sample is formed by hammering it into the mold (direct
shear box — odometer ring). Within three layers, each layer with (25 strokes),
thus we obtained a sample similar to the sample formed according to the regular
Proctor experiment.

* The formed sample is formed, which is obtained by the regular Proctor experi-
ment (optimal humidity and maximum dry volumetric weight), where the first
and last 3 cm are scraped off from the Proctor mold sample so that the middle
part remains, and from it a sample is taken for the direct shear square and a
sample for the odometer ring.

Mold specifications for the regular Proctor experiment (D = 10.2 cm, h = 11.6 cm).
Where h: height of the cylinder, D: diameter of the cylinder.
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Number of layers: Three layers, with (25) strokes for each layer.

Hammer Weight: (2.5 kg), Screen No.: #4), Drop Height: 12").

Therefore, all damaged and damaged samples have the same ideal humidity and
the same volumetric weight, and they can be taken as a group and one spirit for study,
and thus the effect is the same on all samples.

10. Reference studies

There are many previous studies that addressed the subject of studying the effect
of disturbance on swollen soil samples partially saturated with water and approached
it from different angles.

10.1 Search [A1]

The researcher [20] studied the effect of sample disturbance on the behavior
of moderately plastic clay soil. He conducted tests on vandalized samples and
compared them with intact samples within the odometer experiment (CAUC-L).
The samples were loaded with increasing loads (0.25-0.5-0.75). -1 kg/cm2) for
(24) hours for each stage, and in order to obtain values that mimic reality, standards
such as:

Types of samples: (ratio of sample height to diameter for all samples (h/d = 1.8).

1. An intact sample using a tube with a cutting edge (tube sample 30°) and a diam-
eter of 100 mm.

2. An intact sample using a tube with a cutting edge (tube sample 5°) and a diam-
eter of 100 mm.

3. An intact sample using a block sample tool with a diameter of 50 mm.

4. A vandalized sample (reconstructed) (Mostap sample) with a diameter of
50 mm (Figure 5 and Table 4).

View of perumeter

of sample
. 100 mm
100 mm

View of sample cut

and partially dried.
Note distortions
caused by tube

sampling

Figure 5.
Distortions caused by a sampling tube for a dried soil sample [20].
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Percentage of volumetric deformation for each sample

Intact sample (tube 30°) ev =59%

Intact sample (tube 5°) ev = 4%

Intact sample (block) ev = 4.3%

Disturbance sample ev=78%
Table 4.

Mechanical properties of moderately plastic clay soil samples [20].

According to the results of the study, the research concluded that the results of sample
quality are related to the percentage of volumetric deformation, and the relationship
between the variables was that the sample was intact (tube 5°) the best sample (Figure 6).

10.2 Search [A2]

Amundsen et al. [21] studied the effect of disturbance of intact samples (block
samples) on the behavior of low-plastic clay soil by studying the relationship curve
(horizontal deformation - shear stress) within a triaxial experiment And the odometer
test (CAUC triaxial and CRS Oedometer tests), as shown in Figure 7, for both intact, low-
plasticity swelling soil samples that were taken using a block sample method with dimen-
sions (160 x 160 mm) and other samples that were taken using a diameter tube (75 mm).

Figure 6.
Comparison of the various vesults of the odometer experiment for good quality values [20].

Klett clay

Silt layer
~3mm

Silt layer
~6mm

Clay

756 mm tube sample 160 mm block sample

Figure7.
Block samples and tubular samples [21].
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According to the results of the study, the research concluded that the shear
strength and specifications of block specimens are generally better than tubular
specimens, and the decrease in the strength of tubular specimens is due to the
destruction of structural bonds in the soil (Figure 8).

10.3 Search [A3]

Al-Miqdad studied the effect of sample reshaping on mechanical specifications in
clay soil by conducting laboratory experiments on intact samples and formed samples,
which are similar to the intact sample in terms of moisture and natural volumetric
weight, within a direct shearing experiment (fast — undrained) at a cutting speed
(0.5 mm/min).), the applied stresses (1.11 —2.22 - 3.33 kg/cm2) Several sites were cho-
sen for the study (Jdeidet al Wadi - Deir ez-Zor — Sahnaya — Ghabagheb — Dabbagat).
The results of the study were as follows [17]:

1. The relative change in soil cohesion between the healthy sample and the Remold-
ed sample ranged between (8-56) %.

2.The relative change in the angle of internal friction of the soil between the intact
sample and the Remolded sample ranged between (3-9) %.

10.4 Search [A4]

The researcher [22] studied the effect of the degree of water saturation of the soil
on the behavior of a highly plastic clay soil by studying the size and rate of subsid-
ence of the swollen soil before construction in a certain condition of soil moisture, by
studying the behavior of intact samples of swollen soil according to different degrees
of saturation. Within the odometer and triaxial experiment (CAUC-UL) [23].

The samples used are intact samples using a tube sample, diameter (75 mm),
height (40 mm) and depth (1.5 m) (Figure 9 and Tables 5 and 6).

Klatt clay
Ip = 4%

cp =01 kPa
s, - 200
QCR =13

L=
b

=]
w
T

’/[\Tu::.\u (75mm)

Normalised shear stress
=]
N

©

after Amundsen et al. (2015)]

a

o 1 2 3 4 5
Axial strain (%)

Figure 8.
Relationship curve (horizontal deformation — shear stress) [21].
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R*=0.7624
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Figure 9.
The relationship between the compressibility index and the degree of water saturation of the soil [22].
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Cartilage activity 173
The type of metal present Montmorillonite
Tables.

Chemical properties of highly plastic clay soil samples [22].

© (kN/m?) Cc W (%) Sr (%)

4914 0.088 1.85 20

485.8 0.157 369 40

362.3 0.2917 554 60

2437 0.2181 7.38 80

209.3 0.3238 9.23 100
Table 6.

Mechanical properties of highly plastic clay soil samples [22].

According to the results of the study, the research concluded that there is a linear rela-
tionship between the initial compressibility index and the degree of water saturation of
the soil. As the degree of water saturation of the soil increases, the compressibility index
increases, and this relationship is given in the following form: Cc = 0.0027*Sr. + 0.0559.

10.5 Search [A5]

The researcher [24] studied the change in moisture content with changes in pore
pressure in the behavior of swelling soil, where a comparison was made between
intact soil samples within the odometer experiment (CAUC-UL) [24].

The samples used are intact samples using a tube sample with a diameter of 6.35 cm
and a height of 1.7 cm. Sample depths: from 0.5 m to 1.00 m (Figures 10 and 11 and
Tables 7-9).

The research concluded according to the results of the study:

1. Swelling of soil is related to the properties of the soil, its chemical composition,
and the content of metals in the soil.

2.The behavior of swelling soil is related to the change in water content in the soil
according to a linear relationship.

3.The degree of soil saturation with water is linearly related to the percentage of
soil deformation, and swelling stops at a total degree of saturation.

CR

= W li l e
= M*Muwww \

Figure 10.
Mineral analysis of the soil sample (X-vay diffraction of clay Soko, Ngawr).
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Figure 11.
The relationship between the degree of water saturation and the percentage of vertical, horizgontal and volumetric
swelling of the soil [24].

Relative composition (%) Composition type
761 SiO,
18.59 ALO,
275 Fe,0;
1.80 Ca0
0.50 MgO
0.22 Na,O
0.04 K20
Table7.

Chemical properties of intact clay soil samples [24].

Relative composition (%) Type of minerals

761 Montmorillonite

16.20 Feldspar

53 Alpha Quartz

4.30 Halloysite

0.90 Cristobalite
Table 8.

Relative composition of clay soil minerals [24].

Sr (%) W (%) Vertical swelling Sx (%) Horizontal swelling Sy (%)  Volumetric swelling Sv (%)

24.27 10 0.0 0.0 0.0
42.49 20 3.99 1.62 7.38
56.61 30 7.54 334 14.85
67.54 40 131 4.99 22.70
75.88 50 1.09 6.73 31.10
82.81 60 18.86 8.44 39.37
91.10 70 20.10 9.83 44.89
Tableg.

Mechanical properties of intact clay soil samples [24].
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11. Research materials and methods
11.1 Swelling soil

Soil samples were brought from the Damascus countryside governorate and
As-Suwayda governorate. The samples were extracted using a simple drilling mecha-
nism to a depth of (60 cm) from the bottom of the soil layer. The samples were
brought in sealed plastic bags, and then two samples were studied for each site and
the samples were named according to the following Table 10.

11.2 Method of forming samples

The method is based on conducting all experiments on the basic physical,
classified, mathematical, mechanical and chemical properties of the soil used in this
research [4], taking into account the conditions stated in the American specifications
(ASTM). In the second stage, the shear resistance properties of the studied soil were
calculated (angle of internal friction, cohesion Soil), [14] within a direct shearing
experiment [11] for vandalized soil samples and comparing them with samples
formed in the laboratory.

* Testing within a direct shear experiment on a sample (uncompressed —
undrained),

¢ (Unconsolidated Undrained Direct Shear Test)

* The sample inside the direct shear device cell was subjected to shear stress ata
constant speed (0.2 mm/min).

* Internal shear box dimensions (6.1 cm x 6.1 cm), shear box height (2.3 cm).

The disturbance sample was formed according to the American specification
(ASTM D-3080) [11], which requires passing the soil through sieve No. (4) and dry-
ing it in the oven at a temperature of (105-110°C). The sample similar to the original
sample is formed by pounding it into the mold. (Direct shearing box) in three layers,
where each layer has (25 strokes), and thus we obtained a sample similar to the sample
formed according to the regular proctor.

The formed sample was formed according to the American standard (ASTM
D-3080), which is obtained using a regular proctor (optimal humidity and maximum
dry volumetric weight), where the first and last 3 cm of the proctor mold sample were
scraped off so that the middle part remained, and from it a sample was taken for the
shear square. Direct.

Site code Location Soil color

A Umm Rawagq Village — Suwayda dark brown

B Deir Al-Hajar village — Al-Ghazlaniyah — Damascus countryside light brown
Table 10.

Soil sample locations.
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ASTM A B Units

Specific gravity of solids, Gs 268 271 g/em®

Optimum moisture content, wi 24.30 20 %

Maximum Dry density, w Optimum 142 155 g/em®

Degree of saturation, Sr 72.85 71.88 %
Table 11.

Results of water saturation values for soil samples within the direct shear experiment.

* Thus, the American standard (ASTM D-3080) completely regulates the
method of forming samples, and therefore all spoiled and formed samples have
the same ideal humidity and the same volumetric weight, and therefore they
can be taken as a group and one spirit for study, and the effect is the same on all
samples.

* The degree of water saturation of the soil samples from the direct shear experi-
ment was determined by knowing the specific gravity, optimum moisture, and
dry volumetric weight according to the Proctor experiment of the soil sample
through the following relationship:

s -%G :Gﬁ” G, (1)
e :71,(/_1
Va

S, : Degree of water saturation (%)

G, : Relative specific gravity

7,: Dry volumetric weight of soil g/cm®

7, : The volumetric weight of one unit of water, g/cm’

w : Optimum humidity according to Proctor’ systematic experience
e : Coefficient of porosity

See Table 11.

12. Results and discussion
12.1 Results of physical properties
12.1.1 Gradient

The particle size of each of the studied soils was determined by the granular sieve
analysis method for particles with diameters larger than (0.075 mm), according to
(ASTM-D422), and by the hydrometer sedimentation method for particles with
diameters less than (0.075 mm), according to (ASTM-D1140) (Figure 12).

12.1.2 Basic physical properties

See Table 12.
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Figure 12.
Hydrometric analysis curve.

ASTM Site Unit
A B
Natural moisture content 371 23.57 %
Relative specific gravity 268 271 g/em®
Volumetric weight 1.62 157 glem®
Dry volumetric weight 118 1.27 g/em®
Table 12.

Results of basic soil physical properties experiments.
12.1.3 Computational physical properties
See Table 13.
12.1.4 Atterberg limits results
See Table 14.

12.1.5 Classification of the studied soils

The soils for the studied samples were classified according to the American
Standard Soil Classification System (USCS) using the Casagrande plasticity scheme

[5] as follows:

1. Highly plastic clay soil (CH), which is the soil (Umm Rwagq village), site (A).

2.Low plasticity (ML) silty soil (Deir Al-Hajar village), site (B) (Figure 13).

ASTM Site Unit
A B
Voids ratio 1.27 113 %
porosity 0.56 0.53 glem®
Table 13.

Results of computational physical properties experiments.
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ASTM Site Unit
A B
Liquidity limit 65.92 42.73 %
Plasticity limit 33.33 36.76 %
Liquidity index 0.12 0.48 _
Plasticity index 32.59 5.97 %
Percentage of fineness (passing through sieve #200) 97.54 7818 %
Gluten content 74.56 33.88 %
Celt content 2544 4712 %
Sand content 246 19 %

Table 14.

Results of experiments on classified soil physical properties.

Plastic Index (| PI%)

Figure 13.
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Soil classification scheme according to the plasticity scheme.

12.1.6 Results of the systematic Proctor experiment

The aim of conducting the compaction experiment is to determine the maximum dry
density and ideal moisture of the studied samples in order to form the samples accord-
ing to the American standard (ASTM D-3080) (Figure 14 and Table 15).

12.1.7 Results of chemical experiments

See Table 16.
Figures 15 and 16 represent the metallic analysis of samples using X-ray diffraction,
which was conducted at the General Institution of Geology [19].
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Figure 14.

Compaction curves for the soil of the two sites (A-B).
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ASTM Site Unit
A B
Ideal humidity 243 20.0 %
Maximum dry density 142 155 glem’
Saturation humidity 334 27.8 %
Table 15.

Results of the systemic Proctor experiment.

ASTM Site Unit Comments
A B
. . o S .
Organic matter 243 20.0 % It is greater than (2%) and the soil is rich in organic
content matter
Determine the pH 142 155 glem® The soil is moderately acidic
Table 16.

Results of the chemical properties of the soil used in the research.

Figure 15.
Mineral analysis of soil sample /A/.
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Figure 16.
Mineral analysis of soil sample /B/.

The most abundant clay mineral in both sites is quartz, which is a mineral that
has a weak relationship with water. The presence of quartz in high proportions in the
two types of soil explains the low values of plasticity, especially since quartz is known
to prevent sintering of soil particles and thus gives low plasticity [25], as in the soil
of the site. (B). The soil samples from site (A) contain swollen clay minerals such as
montmorillonite and kaolinite, but in low percentages (Table 17).
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Types of metals found in the soil Sample

Quartz - Phillipsite — Gismodine — Kaolinite-Montmorillonite A

Calcite — Quartz — Mordenite — Forsterite B
Table 17.

Types of metals found in the samples used in the research.

12.2 Results of direct shear experiments

The figures show the horizontal deformations recorded for the studied specimens
with shear stress plotted in normal coordinates.

Highly plastic soil (fertilized soil-A) (Figure 17):

Low plasticity soil (fertilized soil-B) (Figure 18):

Highly plastic soil (Remolded soil — A) (Figure 19):

Low plasticity soil (B-Remolded soil) (Figure 20):
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Figure 17.

The relationship curve between (horizontal deformation and stvess) for vandalized samples (A).
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Figure 18.
Relationship curve between (horizontal deformation and stress) for vandalized samples (B).
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Figure 19.
Relationship curve between (horizontal deformation and stress) for formed samples — (A).
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Figure 20.
Relationship curve between (horizontal deformation — stress) for formed samples — (B).

13. Conclusions

Since determining the behavior of swelling soil depends mainly on the metallurgical
analysis of the samples, and by comparing the curves of the relationship between
(horizontal deformation — shear stress), it was noted that the effect of the disturbance
of the samples on low plasticity soil is greater compared to high plasticity soil, as
the results of the metallurgical analysis of the samples using X-rays showed X-ray
diffraction The types of metals present in the soil samples used in this research are
the dominant minerals montmorillonite and kaolinite in terms of their effect on the
swelling behavior of the site’s soil (A (high plasticity soil), which is characterized by
its high ability to absorb water [26]. It has the advantage of cohesion, which helps
maintain the shape of the damaged or laboratory-formed clay sample, thus reducing
the amount of disturbance occurring to the sample.

14. Results

Through the previous curves, the results were analyzed to find the amount of
relative change between the following variables:

a.The amount of relative change in soil cohesion for vandalized samples and
laboratory formed samples.

b.The amount of relative change in the angle of internal friction of the soil for
vandalized samples and laboratory-formed samples.

Highly plastic soil (Figure 21):
Low plasticity soil (Figure 22):
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Figure 21.
Coulomb’s straight line for damaged samples with shaped samples (A).
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Figure 22.
Coulomb’s line for damaged samples with formed samples (B).

(A¢ / ¢) (%) AC/C (%) Remolded sample Disturbance sample Site
¢ (°) C (kg/cmz) ¢ (°) C (kg/cmz)
10.7 75.0 26 0.00 23 0.01 A
62.2 60.0 34 0.44 13 0.12
Table 18.

Results of the relative change in the mechanical specifications of the studied soil samples.

The previous results match what was reached in similar studies, where it was

found that the disturbance occurring in the vandalized samples leads to a decrease
in the values of both soil cohesion and the internal friction angle of the bulging soil,
but the amount of decrease was greater for the low-plasticity soil than for the high-
plasticity soil, as shown in the following Table 18:

After analyzing the results, we reached in the previous paragraphs, we reach the

following final conclusions and recommendations in this research:
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The behavior of swelling soils tends to change during the formation of samples,
and this behavior depends on the properties of the soil, its chemical composi-
tion, and the content of swelling metals in the soil.

Disturbance of the soil structure causes a decrease in the shear resistance vari-
ables of the soil (angle of internal friction, soil cohesion), as the disturbance
occurring in the vandalized samples leads to a decrease in the values of both soil
cohesion and the angle of internal friction for the swelling soil, but the amount
of decrease for low-plasticity soil was greater than for high-plasticity soil.
Plasticity.

The amount of relative change in soil cohesion between the destroyed sample
and the formed sample ranged between (AC/C = 60-85%).

The amount of relative change in the angle of internal friction of the soil between
the damaged sample and the formed sample ranged between.

Since laboratory evaluation of soil specifications is carried out by conducting
laboratory experiments on intact samples, and due to our inability to obtain
intact samples, we are often forced to reshape the samples in the laboratory, and
therefore the possibility of obtaining mechanical soil specifications (angle of
internal friction, soil cohesion) is achieved. Through samples formed according
to the regular proctor according to the American code.
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Chapter 5

Effect of Compaction Energy on
the Behavior of Coefficient of
Consolidation for the Compacted
Fine-Grained Soils

Heggadadevanakote Subbarao Prasanna and Unnam Anil

Abstract

Construction exploits marginal areas and landfills due to a lack of suitable
worksites. Several researchers are interested in the engineering behavior of compacted
fine-grained soils. Clay mineral composition suggests compacted fine-grained soils
behave physicochemically. Six natural soils and one artificial soil with varying clay
mineralogical compositions (kaolinite, montmorillonite, and K-M) and liquid limits
(46, 55, and 68%) were selected and they were categorized into three different groups
[G-1 (46%) {K & M-soils}, G-2 (55%) {K & M-soils}, and G-3 (68%) {K, M, & K-M
soils}. Consolidation tests were conducted in one dimension under various placement
conditions (95% of optimal on dry and wet sides and at optimum), energy levels
(Light (LC) and Heavy Compaction (HC)), and seated pressures (c) from 6.25 to
1600 kPa (@ load increment ratio of 1). The effect of energy level concept was studied
by defining the energy ratio of Cv (CVER) = {Cv @ HC/Cv @ LC}) and average ratio
(CVAR = Average of CvER) using Proctor compaction energy ratio or standard energy
ratio (SER). The values of Cv for heavy compaction can be estimated directly from
light compaction energy level values using correlations (R* = 0.86 to 0.99).

Keywords: compacted fine-grained soils, clay mineralogy, energy ratio, pressure,
placement condition

1. Introduction

There are three primary criteria of structures found on soils: strength, stiffness,
and stability, for which the subsoil is expected to be in a compacted state. These
properties provide the scope for numerous studies on compacted soils. The study of
compacted soils becomes all the more critical in the present-day scenario wherein the
lack of good bearing capacity in constructional sites is forcing the people to use the
sites that have been considered for ages as unsuitable for constructional activities.
Compressibility is one of the essential factors to be considered, and it is because the
number of good construction sites available for construction is becoming a significant
challenge for the construction industry. It is imperative that the construction be done
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on soils with low bearing capacity, susceptible to large settlements. Given the ever-
growing demand for construction sites, it is inevitable to reclaim the marginal lands
after subjecting them to various ground improvement techniques. In the consolidation
behavior of the soil, the main factor controlling the soil behavior like settlement and
time of consolidation is the Coefficient of Consolidation (Cv). The Cv depends upon
the soil’s compression and void ratio and the load or pressure acting on it. The
compression of soil depends upon the clay mineralogical composition of the soil. In
this present experimental study, the variation of Cv is compared for the soils
compacted at standard Proctor energy and modified Proctor energy (independent of
placement conditions and typical methods of determining the Cv) and the magnitude
of Cv values were compared with the effect of energy ratio of Cv (Cvgg) with
reference to the standard energy ratio (SER).

2. Literature review on consolidation studies

McRae [1] developed an index for compaction effort, which is used for the amount
of effort required for the compaction of different types of soils. Several researchers
like Hilf [2], Jumikis [3], Ring et al. [4], and Wang and Huang [5] have described
methods to estimate the optimum water content and maximum dry unit weight of
fine-grained soils for standard Proctor compaction test. Benson and Trust [6]
conducted the hydraulic conductivity test on thirteen compacted clays compacted to
different compaction efforts. Blotz et al. [7] described an empirical method for esti-
mating maximum dry unit weight (y4 max) and optimum moisture content (OMC) of
clayey soils for different compaction energies.

The coefficient of consolidation (Cv) is a vital consolidation characteristic of a soil
required during the time rate of consolidation analysis. Terzaghi’s one-dimensional
consolidation theory [8], Biot’s theory of three-dimensional consolidation [9], and
large strain consolidation theory (Mikasa [10], Gibson et al., [11], Monte and Krizek
[12]) are some of the theories developed to model the complex process of consolida-
tion. However, for minimal strain conditions Terzaghi’s one-dimensional consolida-
tion theory can be used for the time rate of consolidation analysis. The study of clay
mineralogy on Coefficient of Consolidation by Robinson and Allam [13] showed that
for different clay mineralogy of soils, the coefficient of consolidation varies for dif-
ferent pressure ranges and is analyzed through original compression behavior. The
increase in Cv values with a variation of pressure for different clay minerals like
kaolinite and illite powdered quartz is observed, and the mechanical properties char-
acterize their compressibility behavior. Montmorillonite clay mineral with water as
pore fluid within which the compressibility behavior characterized physico-chemical
properties of soil, and the variation of Cv with consolidation pressure depends upon
compressibility behavior in terms governed by the mechanical or physico-chemical
properties of soil. Shiva Prashanth Kumar et al. [14] studied the Coefficient of Con-
solidation (Cv) in CH soils where Cv for applied pressure was compared with three
different methods of determining Cv. The methods involved are Casagrande loga-
rithm of time fitting [15], Taylor’s square root of time fitting [16], and inflection point
[17]. For all the selected soils, the Cv with applied pressure was correlated by a power
law and had the same trend of variation for the pressure range of 50 to 1600 kPa.
Madhav and Kurma Rao [18] studied the consolidation characteristics of Kaolinitic
clay and concluded that the recovery ratio of a dispersed system is higher than that of
a flocculated system irrespective of the pressure increment. Limited experimental
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data are available in the geotechnical engineering literature illustrating the variation of
Cv with consolidation stress. Terzaghi and Peck [19] observed relatively constant Cv
values over a wide range of consolidation stress. Leonards and Ramiah [20] observed
an upward trend of Cv values for remolded residual clay up to a particular value of
consolidation stress and decreased with the consolidation stress exceeding that value.
They also noted that the values of Cv for the remolded glacial silty clay continued to
increase with consolidation stress.

Table 1 exhibits trends in the variation of coefficient of consolidation with pres-
sure for different clay minerals.

The data suggest that the Cv value decreases for montmorillonite soils and
increases for kaolinitic soils with increase in consolidation stress. Robinson and Allam
[13] showed that the variation of coefficient of consolidation with the increase in
consolidation stress on soils undergoing virgin compression is characterized by
mechanical or physico-chemical properties depending upon the dominant clay min-
eral composing the soil. The literature review on the coefficient of consolidation of
soils indicates that limited study has been reported on the coefficient of consolidation
of compacted fine-grained soils having different clay mineralogical compositions
having different energies imparted.

3. Experiments conducted

Nearly twenty-five soil samples were selected for the experimental program from
different locations in Karnataka state, India. These soils were subjected to preliminary
laboratory investigation for index properties soils involving Atterberg limits, specific
gravity [24], free swell index [25], and grain size analysis [26]. The Atterberg limits
were determined using the Casagrande percussion method [27], shrinkage limit [28],
and the nature of their clay mineralogical composition was judged by the free swell
ratio technique (Prakash and Sridharan [29]). Six field soils were finalized out of 25
soils based on the liquid limit and clay mineralogy, and one commercially available
clay mineral was chosen i.e. China clay for the requirement of pure kaolinite clay

Soil type Dominant clay Liquid Plasticity Variation of Cv Reference
mineral limit: % index: % with ¢’

Bentonite Montmorillonite 118.0 72.0 Decrease Samarasinghe et al.,

- . [21]

Kaolinite Kaolinite — — Increase

Kaolinite Kaolinite 49.0 11.8 Increase Sridharan et al. [22]

Coarse kaolinite Kaolinite 48.0 12.4 Increase Sridharan and

Prakash [2

Fine kaolinite Kaolinite 46.8 17.4 Increase rakash [23]

Black cotton Montmorillonite 100.8 48.9 Decrease

soil-2

Bentonite Montmorillonite 393.4 343.3 Decrease

Kaolinite Kaolinite 53.0 21.0 Increase Robinson and

All 1
Montmorillonite Montmorillonite 321.0 263.0 Decrease am [13]

Table 1.
Variation of cv with ¢ and clay mineral type.
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mineral. The selected soils were classified into 3 different groups (G-1, G-2, and G-3)
based on the ascending order of liquid limit.
Soils of liquid limit 46% (G-1) (W < 50%)

1.Field soil from Bogadi (passing 425 pm sieve), Mysuru District, which contains
kaolinite as the predominant clay mineral.

2.Field soil from Nanjangud (passing 425 pm sieve), Mysuru District, which is a
montmorillonitic soil.

* Soils of liquid limit 55% (G-2) (50% < Wy, < 60%)

3.Field soil from Kollegala, (passing 425 pm sieve), Chamarajanagar district, which
contains kaolinite as the predominant clay mineral.

4.Field soil from Kuderu, (passing 425 pm sieve), Chamarajanagar district, which
is a montmorillonitic soil.

* Soils of liquid limit 68% (G-3) (60% < W, < 70%)

5.Field soil from Bannur, (passing 75 pm sieve), Mysuru District, in which both
kaolinite and montmorillonite clay minerals are dominant.

6.Field soil from CFTRI lay out, (passing 75 pm sieve), Mysuru District, which
contains montmorillonite as the predominant clay mineral.

7.Commercially available clay mineral China clay (representing the kaolinitic soil
passing 75 pm sieve) obtained from Seema Chemicals, Bangalore.

Table 2 shows the physical and index properties of the soil types discussed above.

3.1 Compaction tests

Standard and modified compaction tests were conducted for the soils under study
(Standard or Light Compaction [30]), and (Modified or Heavy Compaction [31]). For
the compaction tests, around 6 to 9 samples of 2.5 kg were taken and mixed with
different percentages of moisture contents kept for a gestation period of 5 to 7 days.
After placing the soil samples for saturation period, the Proctor compaction tests were
conducted on the soil samples to achieve maximum dry density and optimum mois-
ture content.

3.2 Consolidation tests on compacted soils
3.2.1 Sample preparation for consolidation testing
The consolidation ring has a 6 cm diameter (internal) and 2 cm depth or height,

and inside the ring, the silicon grease was applied before it is going to compact with
soil, which reduces the friction between the soil and ring when the pressure is applied.
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The consolidation tests were done at three levels of initial molding water contents—
corresponding to y4 max (i.e., OMC), 0.95 y4 max on the dry side of optimum and
0.95 yd max on the wet side of optimum. The soil sample in the consolidation ring is
compacted with the required moisture content and maximum dry density in the
consolidation ring and then assembled with a consolidation cell to be positioned with
consolidation equipment. The consolidation ring with compacted soil sample with
required molding water content and dry density was assembled in its position on the
consolidation cell. The cell used for the laboratory experimentation is a permanent or
fixed ring type with drainage paths on two sides of the cell, and it has the facility to
conduct the falling head permeability test on the soil sample. The consolidation ring
has a 6 cm diameter (internal) and 2 cm depth or height, and inside the ring, the
silicon grease was applied before it is going to compact with soil, which reduces the
friction between the soil and ring when the pressure is applied.

3.2.2 Load: deformation - time measurements for compacted soils

Consolidation tests were conducted according to [32]. The soil samples are
kept in desiccator saturation until they reach the optimum moisture content. M-soil
sample exhibited swelling on the addition of water into the consolidation cell. In
such cases, time-swelling readings were recorded till the equilibrium was reached.
The loads applied on soil samples vary from 0.0625 kg/cm® (6.25 kPa) (after the
permeability measurements were taken) to 16 kg/cm” (1600 kPa) with an
increment ratio of 1. Time-compression readings were recorded under each
consolidation stress increment until the near-equilibrium state was reached. The
samples were unloaded upon arriving at the ultimate loading i.e., 1600 kPa in stages
(1/4™). Then the samples were dismantled and weighed and their final heights were
measured.

The following five typical methods were chosen for computing coefficient of
consolidation (Cv) because of their in-built merits:

1. Casagrande Method [15]

2.Taylor’s Method [16]

3.Log-log Method [23]

4.Rectangular Hyperbola Method [33]

5.0One-point Method [34]

3.2.3 Casagrande method

Time of settlement at 50% degree of consolidation [Tso = 0.197] is considered for
the proposed method. The test was carried out up to the end of primary consolidation.
The variation of time-compression data with typical S-curve shapes is more useful
than the other variations. The tsq corresponding to the 50% degree of consolidation
was calculated using Asp & A; (Initial compression), and it is estimated using the
equation below
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-+ Al} (1)
Cv = 0.197i (2)

3.2.4 Taylor’s method

Time of settlement: at 50% degree of consolidation [Ty = 0.848] compression can
be found at 0 and 100% primary consolidation. Ninety percent consolidation time
varies with different specimens and with different thickness of specimens, but the
compression dial is read frequently for a period of up to 1 hr. after initiation of
loading. For no initial compression and negative compression this method is not
useful. Here 100% primary consolidation is 1/4th of more than the difference in dial
gauges compression readings corresponding to 0 and 90% consolidation. For rapid
consolidation soils, it is not accurate. The cv value by Taylor’s method yields more
than the Casagrande method because it is considering Tso. Values of Casagrande to
Taylor are varying from 0.2 to 1. Leonard [20] reported that the effect of secondary
compression may strongly influence the value at too obtained from v/t, so A1go
obtained from Casagrande is more reliable.

2

H
Cv =0.848— (3)
tso

For initial settlement => Taylor’s method is reliable.
For Primary consolidation (A;go) => Casagrande is reliable.

3.2.5 Log-Log method

During some particular stages of the consolidation process, different soils may
respond in a way that is consistent with Terzaghi’s theory (percentage of consolidation).
This might be one of the reasons for the complications that the existing curve-fitting
techniques experience when trying to calculate the coefficient of consolidation, Cv. When
compared to other techniques, it has been demonstrated that the slope of the early linear
component of the theoretical log U-log T curve is constant throughout a greater range of
degrees of consolidation, U. In the proposed method, the initial portion of the graphical
construction log U-log T i.e. straight line portion is well defined and the plot arrived at log
U = 100% degree of consolidation at T = nt/4, which is corresponding to U = 88.3%.

Cv="=1 " (4)

The method is more flexible; it is evident when identifying the characteristic
straight lines and more accurate when these lines were intersecting each other. It does
not rely on initial compression to calculate Cy.

3.2.6 Rectangular hyperbola method

The variation of t/A vs. time was plotted (Measuring values of Slope (m) and
intercept (C)) to determine the Cv at 60% degree of consolidation.
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2
Cv = 0.24"%{ (5)

From R-H Method A;¢g can also be obtained for 100% primary consolidation.

1
-3, 1074
— 3.677 %10 (6)

A100 = Ho |0.862
Soils with secondary compression show two straight lines and the initial compres-
sion cannot be estimated from this method directly.

3.2.7 One point method

In response to the finding that the experimental behavior of soil without consider-
ation of initial and secondary compression effects fits closely to the theory in the range
of 40% < U < 60%. The value of the final compression Ajqy is taken into account at
the end of the loading period in order to calculate Cv. Each loading increment is often
taken to be 24 hours long. To obtain the value of final compression, one must there-
fore wait 24 hours or longer and the compression equal to 50% consolidation (Asg), or
0.5 A1g0, and the associated time tsy, is calculated. According to the mentioned time
tso, Cv is calculated.

A
Aso = 1200 7)
2
Cv = 0.197i (8)
tso

4. Results and discussions

4.1 Coefficient of consolidation (Cv) of compacted fine-grained soils with
variation of pressure based on liquid limit

The Coefficient of Consolidation (Cv) is a parameter that is being generally con-
sidered in estimating the Settlement characteristics. The Coefficient of consolidation
(Cv) is determined from typical methods chosen for the present experimental study
have been categorized into three different clay mineralogical soil groups of kaolinite,
montmorillonite and kaolinite-montmorillonite having different liquid limit range
(46, 55, and 68%) with the pressure varying from 6.25 to 1600 kPa.

Table 3 shows that the range of Cv values for the kaolinite, montmorillonite, and
kaolinite-montmorillonite soils under study having the liquid limit range of 46, 55,
and 68% and for the pressure ranging from 6.25 to 1600 kPa.

Coefficient of consolidation (Cv) (cm?/s)

K-soils M-soils K-M soils
1.28 x 1077 t0 8.21 x 10~ * 1.86 x 1077 t09.76 x 10! 132 x 107 t0 8.7 x 107!
Table 3.

Coefficient of consolidation values of K-soils, M-soils, and K-M soils.
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4.2 Variation of coefficient of consolidation (Cv) with respect to energy levels

The role of compaction energy on the engineering behavior of fine-grained soils is
well documented in geotechnical literature. However, no attempt has been made to
correlate the consolidation characteristics like Cv to compaction energy levels of
different clay mineralogical fine-grained soils. In the documented literature, detailed
discussions were made concerning desired changes in the engineering properties of
soil due to the effect of compaction energy imparted on the soil. Further, the heavy
compaction energy level to light compaction energy level is 4.54 (Standard Energy
ratio (SER)). The variation of Cv (Light compaction) with Cv (Heavy compaction)
has not been made in the past, as seen from the documented literature with particular
reference to the clay mineralogy, placement condition, and pressure concerned.

Amid the consolidation characteristics illustrated in the documented geotechnical
literature, the Cv is an extremely variable parameter and the number of methods (27)
are highlighting the same. The computation of Cv values for the soil samples for
different energy levels and clay mineralogy consumes lot of time and associated cost.
The present experimental approach has been proposed to estimate the Cv values for
heavy compaction energy level through light compaction energy level is of paramount
importance from an economic perspective, which is illustrated in Figures 1-10.

Figures 1-10: The values have been taken into consideration in the logarithmic
(base 10) scale to provide a clear depiction of the cv values on the ordinate and
abscissa. In view of the enormous amount of experimental work and data, three
reference pressures—50, 100, and 200 kPa were selected for soils with liquid limits of
46, 55, and 68%, respectively. This is because most sub-structures, especially those for

e~ 3200 (0v) + 7F 07
0.00025 R” =0.0809
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Figure 1.
Correlation between cv (light compaction) and cv (heavy compaction) of K-soil (W1, = 46%) (50 kPa).
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Figure 2.
Correlation between cv (light compaction) and cv (heavy compaction) of K-soil (W, = 46%).
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Correlation between cv (light compaction) and cv (heavy compaction) of M-soil (Wy, = 46%).
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Correlation between cv (light compaction) and cv (heavy compaction) of M-soil (Wy, = 55%) (100 kPa).
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Correlation between cv (light compaction) and cv (heavy compaction) of K-soil (W, = 55%).

shallow foundations, are required to have a minimum safe bearing capacity of

100 kPa, which is typically determined by shear and settlement criteria, with allow-
able settlements of <25 and < 40 mm, respectively. From this, a comprehensive
understanding of the variation of Cv with pressure with respect to the light compac-
tion and heavy compaction energy levels has been achieved.

Figure 1 shows the variation of Cv (Light compaction) with Cv (Heavy compac-
tion) for the soil having liquid limit of 46% (kaolinitic soil) from the chosen methods
of determining Cv (@ 50 kPa pressure).

Figures 2 and 3 demonstrate the correlation between Cv (Light compaction) and
Cv (Heavy compaction) values of combined typical methods of determining Cv cho-
sen for the study and placement conditions of soils having a liquid limit of 46%
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Correlation between cv (light compaction) and cv (heavy compaction) of K-soil (W, = 68%).

(kaolinite and montmorillonite soil). The values of Cv have been compared with the
line of equality to observe the deviation of values from the correlation equation.

Eq. (9) & Eq. (10) represents that, the relationship between values of Cv for heavy
compaction to the light compaction energy level for the soils having different clay
mineralogy and the liquid limit of 46%.
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Correlation between cv (light compaction) and cv (heavy compaction) of K-M soil (W, = 68%).

Cv(Heavy) = 0.8371Cv(Light) + 0.1825 R* = 0.90 For K — Soil )
Cv(Heavy) = 0.5755Cv(Light) — 0.2672 R* = 0.91 For M — soil (10)

Figure 4 shows the variation of Cv (Light compaction) with Cv (Heavy compac-
tion) for the soil having liquid limit of 55% (montmorillonitic soil) from the chosen
methods of determining Cv (@ 100 kPa pressure).

Figures 5 and 6 demonstrate the correlation between Cv (Light compaction) and
Cv (Heavy compaction) values of combined typical methods of determining Cv cho-
sen for the study and placement conditions of soils having a liquid limit of 55%
(Kaolinite and Montmorillonite soil). The values of Cv have been compared with the
line of equality to observe the deviation of values from the correlation equation.

Eq. (11) & Eq. (12) represents that the relationship between values of Cv for heavy
compaction to the light compaction energy level for the soils having different clay
mineralogy of same liquid limit (55%).

Cv(Heavy) = 1.1138Cv(Light) + 0.3846 R* = 0.86 For K — Soil (11)

Cv(Heavy) = 0.8337Cv(Light) — 0.3101 R? = 0.93 For M — Soil (12)
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Figure 7 shows the variation of Cv (Light compaction) with Cv (Heavy compac-
tion) for the soil having liquid limit of 68% (kaolinitic-montmorillonitic soil) from the
chosen methods of determining Cv (@ 200 kPa pressure).

Figures 8-10 demonstrate the correlation between Cv (Light compaction) and Cv
(Heavy compaction) values of combined typical methods of determining Cv chosen
for the study and placement conditions of soils having a liquid limit of 68% (kaolinite,
montmorillonite, kaolinite-montmorillonite soil). The values of Cv have been com-
pared with the line of equality to observe the deviation of values from the correlation
equation.

Eq. (13), Eq. (14), and Eq. (15) show the relationship between values of Cv for
heavy compaction to the light compaction energy level for the soils having different
clay mineralogy and the liquid limit of 68%.

Cv(Heavy) = 1.0783Cv(Light) + 0.5126 R> = 0.93 For K — Soil (13)
Cv(Heavy) = 1.051Cv(Light) + 0.0864 R? = 0.91 For M — Soil (14)
Cv(Heavy) = 0.8077Cv(Light) + 0.288 R* = 0.92 For K — M Soil (15)

From Figures 1-10 and Eq. (1) through Eq. (7), it can be observed that the values
of Cv (heavy compaction) can be estimated by substituting the values of Cv (light
compaction) for combined placement conditions of soils having different clay miner-
alogy with a fair degree of accuracy of regression values ranging from 0.86 to 0.99,
irrespective of the method of determining Cv and placement condition. Furthermore,
the values of Cv from the equation are closer to the line of equality in all of the soils
that were investigated, with a lesser degree of deviation.

Based on the correlation equations derived from the present experimental study,
the values of Cv can be directly estimated for the Reduced Standard Proctor (RSP)
and Reduced Modified Proctor (RMP) energy level also, by considering the amount of
energy to 60 percent of actual energy in the Modified and Standard Proctor effort,
respectively (RSP = 60% of Standard Proctor Energy & RMP = 60% of Modified
Proctor Energy).

4.3 Variation of energy ratio with coefficient of consolidation

The standard energy ratio (SER) derived from Proctor lubrication theory [35] i.e.,
the value of compaction energy determined from the heavy compaction energy to the
value of compaction energy determined from the light compaction energy. Here the
energy has been considered directly to determine the energy ratio. The defined SER
equation represented in Eq. (16)

Heavy compaction energy [IS : 2720 — Part 8 (1983)][2703 K] /m?]
Light compaction energy|IS : 2720 — Part 7(1980)][596 K] /m3]

(16)

Standard energy ratio (SER) =

From the reference of the SER, the new equation has been defined to compare in
terms of coefficient of consolidation (Cv) point of view i.e., Energy ratio of Cv
(CvER).

The Cvggr represents the variation of Cv values with respect to the effect of energy
ratio and pressure. Here, the values of Cv considered for the estimation of the energy
ratio of Cv (Cvgg) are the combined values of typical methods of determining Cv
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mentioned in the methodology and the placement conditions of dry side of optimum,
optimum, and wet of optimum, for the individual pressures, respectively.
The energy ratio of Cv and average ratio are defined below in Eq. (17) & Eq. (18)

Cv Value of Heavy compaction energy level (17)

E tio of Cv (CVER) =
nergy ratio of Cv (CVER) Cv value of Light compaction energy level

Average ratio (Cvagr) = The average of values of Cvgg (18)

The Cvgpr represents the variation of Cv values with respect to the effect of energy
ratio and pressure as shown below in Table 4 for M-Soil having Wy, = 46% (100 kPa).

Similar observations were made for the soils having different pressure range, clay
mineralogy, and liquid limit.

Figures 11-13 show the relation between the average ratio of Cv values with
respect to the pressures ranging from 50 to 1600 kPa for the soils having different clay
mineralogy of liquid limits 46, 55, and 68%, respectively and have been compared
with standard energy ratio (SER) i.e. 4.54.

Tables 5 and 6 show the relation between the average ratio of Cv values with
respect to the pressures ranging from 50 to 1600 kPa for the soils having different clay
mineralogy of liquid limits 46, 55, and 68%, respectively.

Table 5 shows the variation of Cvar with the consolidation stress.

Table 6 shows the variation of the percentage amount of energy achieved (defined
from SER) at gradual consolidation loading ranging from 50 to 1600 kPa, for the soils
under study. (Eq. (19))

Cv (Light Compaction) Cv (Heavy Compaction) Cvgr *Cvar
1.07E-04 0.000661 6.16595 8.22
1.15E-04 0.001318 11.48154

4.37E-04 0.00195 4.466836

9.55E-04 0.002951 3.090295

0.000295 0.005495 18.62087

0.001 0.005495 5.495409

Table 4.

Estimation of the average ratio of cv values for the M-soil at 100 kPa pressure (WL = 46%).
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Figure 11.
Variation of Cv g with pressure (W, = 46%).
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Variation of Cv ag with pressure (W, = 68%).

Cv AR

SER %100 (19)

Percentage of energy achieved (%) =

From Tables 5 and 6, it can be observed that as the liquid limit of soils increases
the average ratio of Cv values increases for high liquid limit soils (W1, = 68%) (K, M,
& K-M soils) having higher average ratio values (1.13 to 17.66, 1.17 to 14.7, and 2.28 to
20.05) and percentage amount of energy achieved (24.89 to 388.98, 25.77 to 176.8 and

Pressure (kPa) Cvar

Wy =46% Wy =55% Wy = 68%

K-soil M-soil K-soil M-soil K-soil M-soil K-M soil SER

50 3.12 7.14 0.35 3.05 113 117 2.51 4.54

100 6.88 8.22 0.28 3.58 2.8 1.69 2.28 4.54

200 5.72 10.8 0.56 3.06 1.84 1.49 12.71 4.54

400 5.08 7.8 2.6 1.57 3.42 9.16 20.05 4.54

800 3.05 3.9 6.4 1.23 111 14.7 17.89 4.54

1600 1.4 1.6 5.01 1.27 17.66 8.03 17.16 4.54
Table 5.

Values of average ratio Cvag.
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Pressure Percentage amount of energy achieved @ Gradual consolidation loading

G-1 (Wy, = 46%) G-2 (Wy, = 55%) G-3 (W = 68%)

K-soil M-soil K-soil M-soil K-soil M-soil K-M soil
50 68.72 157.27 771 67.18 24.88 25.77 55.28
100 151.54 181.05 6.17 78.85 61.67 37.22 50.22
200 125.99 237.88 12.33 67.40 40.52 32.82 279.96
400 111.89 171.80 57.27 34.58 75.33 201.76 441.63
800 67.18 85.90 140.97 27.09 244.49 323.78 394.05
1600 30.84 35.24 110.35 27.97 388.98 176.87 377.97

Table 6.

Variation of the percentage of enevgy achieved with reference to SER for the gradual consolidation loading or stress.

55.28 to 377.97), respectively, than other soils pertaining to liquid limits 46 and 55%
respectively for the same pressure range. Here the maximum value of Cvay is referred
to as the maximum percentage of the amount of energy achieved at the gradual
consolidation loading and it is considered as the percentage amount of energy
achieved in terms of standard energy ratio (the soils compacted at dynamic loading
for different energy levels) for the individual consolidation stress.

For the soil having W, = 46%, the values of Cvag lies above the SER line for the
pressure ranging from 100 kPa to 400 kPa (K-soil) and it is ranging from 50 kPa to
400 kPa for the M-soil, respectively (Figure 11). For the soil having Wy, = 55%, the
values of Cvap lies above the SER line for the pressure ranging from 800 kPa to
1600 kPa (K-soil) and it lies below the SER line, irrespective of the pressure range
for the M-soil, respectively (Figure 12). For the soil having W, = 68%, the values
of Cvag are lying above the SER line for the pressure ranging from 200 to 1600 kPa
(K-M Soil), 400 to 1600 kPa (M-soil), and 800 to 1600 kPa (K-soil), respectively
(Figure 13).

From Figures 11-13 and Tables 5 and 6, it can be observed that the Cv sy is having
a decrease in tendency beyond 200 kPa (M-soil) and 400 kPa (K-soil), respectively,
and reaches its minimal value at 1600 kPa for the Wy, = 46%, the Cvap is having a
decrease in tendency beyond 100 kPa (M-soil) and 800 kPa (K-soil) for the Wy, = 55%
and the Wy, = 68%, it is beyond 800 kPa for M-soil and 400 kPa for K-soil i.e., the
decrease in the trend of variation of Cvag is changing with the change in the liquid
limit, and the percentage amount of energy achieved with respect to the pressure is
also increasing with the increase in the liquid limit. The behavior of Cvag for K-soils is
in decreasing trend for the 46% liquid limit, whereas for the 55 and 68% liquid limits,
the increase in trend was observed. The occurrence is ascribed to the increase in the
amount of percentage of fines when the liquid limit of the soil increases. For the soil
having liquid limit of 68%, the void ratio increases with an increase in the percentage
of fines i.e., for the soils having liquid limit 46% and 55% are having less percentage of
fines having less void ratio compared to the 68% liquid limit soil irrespective of the
clay mineralogy and the coefficient of consolidation achieved with the increase in
pressure at the heavy compaction energy level is higher due to the higher compression
of voids affects the increase in the values of Cv at heavy compaction energy level
which in turn leading to the Cvg.
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From Figures 11-13 and Tables 5 and 6, it can be also observed that, for
Wy, = 46%, the maximum value of Cvag for M-soil is having greater magnitude than
the Cvag for K-soil. The maximum value of Cvag for M-soil is observed at a pressure
of 200 kPa whereas for K-soil it is 100 kPa. For Wy, = 55%, the maximum value of
Cvag for M-soil is having greater magnitude than the Cvag for K-soil. The maximum
value of Cvag for M-soil is observed at a pressure of 100 kPa whereas for K-soil it is
800 kPa. For Wy, = 68%, The maximum value of Cvag for K-M soil is having greater
magnitude than the Cvg for K and M-soil. The maximum values of Cvar were
observed at 1600, 800, and 400 kPa, for K, M, and K-M soils respectively.

The mechanism of the energy ratio concept can be attributed to the fact that,
according to Proctor’s capillarity and lubrication theory [35], water has a dual effect of
capillarity (or suction) and lubrication. It is observed that due to high capillarity, the
dry density is lower for dry soil and as water is added, the capillarity is reduced, and
water also lubricates the particle interaction, giving rise to increased dry density up to
the maximum dry density. It is depending upon the amount of energy imparted on the
soil (Heavy and Light compaction) and also the pressure creates additional effort on
the consolidation specimen with respect to a decrease in void ratio due to an increase
in the rate of expulsion of water from soil voids. This behavior leads to an increase in
the rate of compression and it is defined in the form of a coefficient of consolidation
with the effect of energy ratio.

5. Conclusions

Based on a detailed experimental study of compacted fine-grained soils having
different clay mineralogy, placement conditions, and energy levels, the following
conclusions can be made:

* The magnitudes of Cv values computed by different user-friendly methods for K,
M, and K-M soils vary from 1.28 x 1077 t0 9.76 x 10! cm?/s, and M-soils exhibit
a higher magnitude of Cv in relative comparison to K-soils and K-M soils by
virtue of clay mineralogy.

* The Cv values of heavy compaction energy level can be estimated directly by
knowing the Cv values of light compaction energy level only through correlation
equations irrespective of the method of determining Cv and placement
conditions (it is independent of the method of determining Cv of five user-
friendly methods used in the experimental study).

* The Cvug values increase with an increase in pressure up to 400 kPa for
Wy, = 68% (K, M & K-M soils).

* The Cvg has a decreasing tendency beyond the pressure range of 400 kPa for K-
soils and 200 kPa for M-soils (W1, = 46%), 800 and 100 kPa for K and M soils
(W, = 55%) and it is 400 and 800 kPa for K-M and M-soil, respectively.

¢ The maximum value of (Cvag) M-SOIL > Maximum value of (Cvag) K-SOIL

(WL = 46 & 55%), Maximum value of (Cvag) K-M SOIL > Maximum value of
(Cvagr) M-SOIL > Maximum value of (Cvag) K- SOIL (Wy, = 68%).
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Chapter 6

Construction Techniques Related to
Clay Soils: A Case Study in Africa

David Mubiru and Sam Bulolo

Abstract

Clay, as one of the soils, must be assessed before being used for particular
purposes such as cement production, and the assessment involves detailed site inves-
tigations conducted through laboratory or iz situ equipment; thus, over the years,
different systems or methods, such as stabilization, earth building, nanotechnology,
and investigations methods, have been improved. However, although improvements
have been made, there are still challenges and gaps within the systems and processes
in terms of construction, consumption, usage, properties, etc.

Keywords: clay, stabilization, soils, materials, strength

1. Introduction

Clay, being the oldest material and most effective material on earth, has been used
in various activities, and due to advancement (sixteenth century/1601 AD), humans
have managed to use the soils iz site investigation, foundation, walls, windows and
doors, floor, ceiling, roof, cement production, paper making, landscape features,
paver bases, house foundation, chemical filtering, brick manufacture, clinker adsor-
bent, architecture, construction engineering, clinker, and soil stabilization.

So, this is a deposit or fine material formed from weathering of sedimentary rocks
described as having particle size of less than 0.002 mm by ASSHTO, USDA, and MIT,
and according to UCS, it is classified as fines (silt and clay) less than 0.075 mm; how-
ever, it becomes hard when heated and soft when cooled, but according to [1] records,
when soil was first used since the ancient past were not available. Technological
advancement has resulted in new construction methods because the twenty-first
century requires intelligent and sustainable construction techniques to reduce
environmental impact and supplement efficiency. However, tracing the history of
construction techniques within Africa was tricky since there were no clear boundaries
on when each was first used.

1.1 Site investigation
Every infrastructure is supported by soil; hence, its stability and safety depend on

the soil properties, which are supposed to be determined through, for example, desk
study, site survey, topographic and hydrographic, geological and hazard mapping,
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subsurface investigation and dilapidation or precondition survey, etc., and it is the
main stage in project designs, thus defined as an assessment and evaluation of soil or
bedrock characterization.

Sampling, such as standard split spoon, thin-wall tube, and piston sampler, should
be done to be able to obtain samples used for the routine; laboratory tests, such as
moisture content, plasticity, shrinkage, particle size distribution, density, specific
gravity, particle density, compaction, shear strength, permeability, pore water pres-
sure, suction, compressibility, consolidation, standard penetration, cone penetration,
pressure meter, flat dilatometer, vane shear, and plate loading, are the in situ tests con-
ducted, but engineers in developing countries have resorted to adopting low-standard
methods due to funds and technical knowledge. So for the case of laboratory tests, for
example, to determine the moisture content, consecutive tests must be conducted by
drying simultaneously to a particular weight, at a temperature ranging from 105 to
110°C not exceeding 50°C until there is no further mass loss, then the other labora-
tory tests such as liquid limit, shrinkage, particle size distribution, particle density,
bulk density will be carried out according to the [2, 3] shear box and triaxial tests
[4], and permeability tests [5]. Furthermore, iz situ soil suction can be measured by
tensiometers, pore water pressure by vacuum pressure gauge or pressure transducer,
compressibility by an oedometer or triaxial, and consolidation by an oedometer.

FVT and CPT/CPTU are generally the most direct and reliable in soft soils, DMT
applies to a wide range of soil, PMT is best suited from medium to very stiff clays,
SBPMT is challenging to deploy, SPT is not suited to very soft clay, and PLT is mainly
used at shallow depths or excavations [6]. In Uganda, the iz situ method commonly
used method is standard penetration (SPT), then shear box and triaxial tests for
laboratory testing [7]; however, there is a delay in identifying appropriate methods
appropriate for each country within Africa.

1.2 Building technology

This is a collection of methods and technical processes used in construction or
architecture, and in Africa, cement has dominated the construction industry, but the
earth is a commonly used material in masonry techniques, for example, sun-dried or
kilns-fired Adobe, cob, compressed earth blocks, rammed earth construction, earth
shielding, wattle, and daub products. Although these are cheap and easy to construct,
they historically lead to weak houses, which are affected by floods and seismic events,
so techniques, such as stabilization, were introduced in the second half of the last
century to increase the strength and durability of the materials.

1.2.1 Earth building

This is a construction technique performed by mixing reasonably dry inorganic
subsoil, non-expansive clay, sand, and aggregate, which requires dampening,
mechanically pressing at high pressure, and drying the resulting material.

Cob construction is comprised of materials such as clay soil, coarse, straw, and water,
after which the mix is used to create walls without formwork or mechanical ramming,
but the mixture is applied so that when one course dries, the construction continues.

Adobe blocks are an unburned mud product, molded in pieces and sun-dried,
and their manufacture is a straightforward process, and it was began to be used
from 10,000 to 8000 BC [8]. A crater-like mound of earth is made on or near the
site of the proposed structure, and after pouring water into it, then it is puddled to a
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plastic consistency by the workers, or adobero tramping barefooted throughout the
mass or, better still, by hoeing to ensure a more thorough mixture. Then 1.5-inch or
two-inch thick layers of straw or chopped hay, preferably of short lengths, are spread
over the top, and the entire mass is again kneaded to distribute the binder uniformly.
To prevent the straw from working to the bottom, it should not be added until the
material has been well-puddled. The latter, along with the thoroughness with which
the puddling is done, largely depends on the reduction of cracks that occur during sun
drying and the material’s ultimate strength.

Rammed earth construction, initially in North Africa and the Middle East, was a
technique used, and soils were compacted between formwork, then removed after the
soil has dried, thus resulting in a structural component [9, 10], then wattle and daub
is where a frame is created with secondary and primary timbers, and the main timbers
support the secondary so that the mud produced is placed unto the frame made.

Traditionally, wooden molds were initially used to make blocks, but over the years,
methods of machine technology to produce blocks have progressed, for example,
the CINVA-RAM press machine in Bogota-Colombia (1950), machine in Uganda
(1990), and a manual interlocking in Kenya, which produces curved, straight double
interlocking, wide format interlocking blocks, after which these blocks are used for
construction of water tanks, and wall creation, etc. (Figures1-6) [11].

Figure 1.
Compressed earth blocks.

Figure 2.
Adobe blocks.

Figure 3.
Cob.
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Figure 4.
Rammed earth.

Figure 5.
Earth sheltering.

Figure 6.
Wattle and daub.

1.2.2 Nanotechnology

This combines polymers (natural or synthetic), nano clay, and polymers are
substances of larger molecules comprised of several chemical units named macromol-
ecules. The nano clay differs by the different minerals, such as montmorillonite, ben-
tonite, kaolinite, hectorite contained within, and there are three synthesis methods,
for example, solution blending, melt blending, and iz situ polymerization. Solution
blending yields better results than melt blending due to the proper dispersion of
the clay within the polymer matrix, and due to its low viscosity and high agitation
power, but melt blending is considered industrially viable and eco-friendly, with high
economic potential. Generally, iz situ polymerization is widely used.

Solution blending is a combination of a polymer or prepolymer, clay in a solvent such
as water, chloroform, or toluene, after which the polymer chains intercalate and displace
the solvent within the interlayer of the clay, thus polymer/nano clay composites will
be formed. The process is comprised of three stages, namely the dispersion of clay in a
polymer solution, controlled removal of the solvent, and composite film casting.

Melt blending is where the required amount of intercalated nano clay particles are
mixed with polymers at temperatures above the polymers’ softening point in the pres-
ence of the inert gas, then i situ polymerization is comprised of i situ monomer and
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nano clay interaction, and polymerization is comprised of initiation, propagation,
and termination, then there are three methods namely: surface-initiated controlled/
living radical polymerization (SI-CLRP), controlled radical-mediated photopolymer-
ization (P-CRP), click coupling chemistry, and miniemulsion polymerization [12].

In Nigeria, the nano clays were mixed by hydration with various clay soils from
Dogon-ruwa, functionalized, and characterized by the use of Raman spectroscopy,
thermogravimetry, Brunauer Emmett Teller (BET), and particle sizer [13], then they
were used as a partial replacement of cement in the road concrete pavement construc-
tion. Furthermore, the nano clay was dehydroxylated at 720°C, then characterized,
and XRF equipment was used for the particle geometry; thus, it showed that the
concrete formed was efficient under stormwater control and was recommended for
low axle or low trafficked road design and construction, as well as aquifer recharge
based on the flexural strength [14]. In Algeria, it was confirmed that when the clay
soils were synthesized by ultrasonication with poly-glycidyl methacrylate (GMA) or
nano clay composites, thermal stabilities were improved [15, 16].

1.2.3 Soil stabilization

This refers to making soil more robust and waterproof for a particular purpose, and
there are two types of stabilization, namely surface (when the influence zone is less
than 1 mm) and ground improvement (when the influence zone is more than 1 mm).

Surface stabilization consists of mechanical, physical, chemical, and physiochemi-
cal. Mechanical stabilization is where mechanical energy is used, for example, rollers,
plate compactors, and tampers, and physical is done by cement, lime, bitumen,
chemicals, and resin. Chemical stabilization is done by adding chemicals, for exam-
ple, calcium chloride, sodium chloride, sodium silicate, polymers, and chrome lignin,
and ground improvement consists of deep compaction, soil replacement, preloading,
draining and GWT control, injection grouting, soil freezing, and use of geotextiles.
Deep may be done by dynamic compaction or consolidation, vibro-compaction, or
compaction piles, and soil replacement is when a weak/soft/organic soil is removed
and replaced with compacted engineering soil. Preloading is done when 1.2-1.3 times
the designed load is applied to allow desired settlement and accelerate consolidation.
Drainage and GWT are where drains attain groundwater conditions, and lowering
GWT or sometimes blanket drains and vertical sand drains are employed to accelerate
the consolidation process. Injection grouting is where various fluid grouts are injected
into the boreholes/weak soils and replaced by special pressure techniques, then soil
freezing geotextile is correctly embedded in the soil and contributes to its stability.

In ancient times, lime was first used around 3000 B.C. for the Shensi Pyramids in
China and 6500 B.C. in Syria [17-19], then in the seventh century B.C., the Chinese
used lime in the construction of the Great Wall, bridges, underground chambers,
and the clay or gravel soils were stabilized by the use of lime [5, 7, 20, 21]. In 1920, in
the USA and Germany, it is where soil stabilization began in modern times, but the
first tests on stabilization were done in the USA in 1904 [8, 17, 22, 23]. So, in order to
demonstrate the solution in Africa, stabilization research has been done in the follow-
ing countries.

1.2.3.1 Sandy soils

In the western provinces of Zambia (Mongu, Senanga, and Sesheke) in order to
demonstrate the solution to the scarcity of road building materials, the sand samples
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were characterized, stabilized with cement and bitumen according to the design mixes
selected, and California bearing ratio (CBR), unconfined compressive strength (UCS),
indirect tensile strength (ITS), and Marshall stability tests were conducted, thus the
sand properties were improved [24]. Additionally, in the Southern Sahara desert of
Africa, during stabilization mixtures of high erodible soils, bentonite and, kaolinite were
wetted with simulated rain, dried, and tested with wind tunnel with a brader at a free
stream wind speed of 14 m/s or without abrader (wind only), and the results showed
that the crushing resistance increased significantly with increasing clay content when a
brader is available, then at the same time soil loss increased whenever the clay content
increased, and furthermore, the loss ranged from 20 to 30 times more than the one
from the trays treated with bentonite per kg of sand. Bentonite was more effective than
kaolinite, and wind susceptibility was greatly reduced.

In Uganda, due to the sand abundance locally, clay samples were mixed with sand %
proportions between 20 and 80%, and numerous laboratory experiments were con-
ducted. The results confirmed that sand blending diminishes the shrinkage behavior of
clayey soils. The properties of the clayey soils such as shrinkage behavior diminished,
plasticity index and shrinking potential decreased, MDD increased, OMC decreased,
unconfined compressive strength decreased, internal friction angle concerning shear
strength parameters was enhanced, soil cohesion decreased, and consolidation settle-
ment was lowered [25].

1.2.3.2 Restoration

In Ksar of Ait Benhadou, Morocco, the samples from the structure, were collected
and analyzed by X-diffraction and X-ray fluorescence, then a representative sample
was stabilized with three aggregates (lime, cement, and straw), and minerals, such as
calcite and quartz, were encountered. They were rich in iron and potassium content
and had alow plasticity (P.I. = 7%), which is slightly lower than the plasticity value
required by the Moroccan standard for earth constructions. Generally, the results
showed that the stabilized clayey soil properties were improved such as density,
porosity, water absorption, and high thermal insulation [26].

In Namibia, the study of tailings left un-rehabilitated after 200 mines were
exploited, considered the successful stories and lessons from other phytoremediation
work, specifically phyto stabilization projects, which dealt with restoring, contami-
nated mine tailings. The study analyzed the OMT results using X-ray fluorescence geo-
chemical data to understand the heavy metals in the tailings, and it further used GIS to
assess the distribution of heavy metals on OMT, specifically those with high phytotoxic
levels. Finally, the study addressed its primary objective, which was to provide the
Namibian government with suggestions and recommendations on the best remedial
measures for the remediation of heavy metal-contaminated mine tailings [19].

1.2.3.3 Heaving expansive clays

In Egypt, representative samples of 10% of GGBS and the replacement of 30%
of hydrated lime were mixed with clay content and then cured within representa-
tive conditions: 20°C with 90-100% relative humidity, 350°C with 50-60% relative
humidity for 12 months, after which compaction, swelling, plasticity, and UCS tested
were conducted. X-ray diffraction, scanning electron microscopy, differential ther-
mal analysis, and nuclear magnetic resonance (NMRC) were used to determine the
reaction products. Results showed that engineering properties improved; the addition
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of lime showed a more significant improvement, maximum dry density (MDD)
decreased, and optimum moisture content (OMC) increased with increasing GGBS
[27]. Then in Morocco (Kenitra, Sidi Kacem, Tangier, and Tetouan) clay samples con-
taining various minerals, such as hydrated Lime, montmorillonite, illite, and kaolinite,
were mixed with pure standard clays, and a series of laboratory tests were conducted
such as Atterberg limits, X-ray diffraction, hydration heats, and cementing; hence,
there was a reduction in plasticity and an improvement in compaction properties, and
the amount of lime needed to modify clay soil varied from 3 to 6% [28].

In Nakapiripirit district, (Northern Uganda), expansive soil samples were mixed with
EAF slag dosages of 0, 5, 10, 15, 20, and 30%, after which laboratory tests were con-
ducted on each mixture, and the expansive clay properties were improved (Table1) [48].

No Country  Problem Materials, procedure, results, and conclusions

1.0 Ghana Weak sub-base Materials

soils ¢ Laterite
e Lime
¢ Cement
Procedure
* A refilling box was used to divide the sample into two equal parts,
whereby one part was again divided into two equal parts, and this was
done continuously until a proper level of mixing had been attained.
Results
* A total of 6% addition of lime to the sample resulted in P.I., L.L.,
and CBR values that passed GHA specifications for both base and
sub-base courses [29].
2.0 Kwali Effect of Materials
Area . Stabl}l.ZIHg. . * Lateritic soils
Council lateritic soil with
in Abuja,  acombination * Bitumen emulsion
Nigeria of bitumen o Cement
emulsion and Procedure
cement.
¢ The additives (4, 6, and 8%), bitumen emulsion, and cement
(100:0, 75:25, 50:50, 25:75, and 0:100) were considered, and UCS
and CBR tests were determined.
Results
* Both values increased as the cement component increased for both
soil samples, and so the strength of the soil improved [30].
3.0 Nigeria Geotechnical Materials
properties * Periwinkle shell powder (PSP)

e Lateritic soil.
Procedure

¢ 2,4,6,8,and 10% of PSP and OPC were added to the un-stabilized
lateritic soils, and NMC, P.L., and P.I. tests were conducted,
respectively.
Results

* Anincrease in maximum dry density (MDD) and OMC was observed
whenever cement and periwinkle shell powder (PSP) were added, and
PSP recorded an increase of 5.6% in CBR value compared with OPC,
which recorded a rise of 34% in CBR value, so periwinkle shell powder
(PSP) can be used as a good stabilizer for clayey or lateritic [31].
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No Country  Problem Materials, procedure, results, and conclusions
4.0 Kumasi Heavy metal Materials
Ghana pollution

* Low-grade CaO
* Heavy metals

¢ Leachate
Procedure

Five mixtures of leachate (each 100 ml) and LG-CaO (10, 15, 20,
25, and 30 g) were prepared, and weighed and mixing was carried

out with magnetic stirrers at 110 rpm for 8 hours, then the samples
were kept at 210°C for 21 days [20, 32, 33].

Soil samples each weighing 100 gl were mixed with a % LG-CaO
such as 10, 15, 20, 25, and 30%, and each mixture was stirred by use
of magnetic stirrers at 110 rpm for eight hours, then the mixtures
were kept at 2100°C for 21 days [22, 34].

Then 10 ml and 100 g of distilled water were used to mix each
mixture to remove minerals that may have been caused by the tap
water [35].

In the second part, 100 g and 10 g of sand, LG-CaO contents

were kept constant by weight while the water proportions

[2, 27,30, 36, 37] varied. So, after blending, compaction was done,
and samples were kept at 250°C for 21 days [20, 32, 33]. After the
heavy metal stabilization, the mixtures were again digested by use
of triacid mixture. The concentrations of metals (Cd, Fe, Zn, and
Cu) were analyzed by using an atomic absorption spectrometer
(SPECTRA AA 220 Air-acetylene Flame) [38, 39].

After1, 5, 10, 17, and 21 days, the electrical conductivity, pH, and
temperature of the mixtures were always measured before and after
the stabilization treatment with a palintest multipurpose pH meter
[11, 40, 41].

Results

* Concentrations of heavy metals (Cd, Cu, Fe and Zn) in the soil
investigated were found to be above the environmental protec-
tion agency (EPA) and World Health Organization (WHO)
guidelines, which can be a potential source for some heavy metals
in the environment. In contrast, the physicochemical properties
(temperature, clay content, moisture content, electrical conductiv-
ity, and pH) of soil samples and the leachate sampled were below
the EPA threshold values. An increase in LG-CaO to the sample
while maintaining the sand and water proportions constant to
increase the P.H. or varying water proportion keeping sand and
CaO constant led to a reduction of the heavy metal concentration
within the soils after stabilization treatment [42].
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No

Country

Problem

Materials, procedure, results, and conclusions

5.0

Africa

Cost-effective
stabilization

Materials

¢ Soil Kilned

* Powdered Glass Wastes
Procedure

* The soil samples were exposed to an air room at room temperature
and dried thoroughly, then they were disintegrated, and represen-
tative samples were selected to be used for the required tests. After
this, the samples were kilned at a temperature of 700°C for 2 hours
then cooled for 24 hours for further tests. A #200-micron sieve was
used for sieving after having crushed the soil.

The % proportions of the mixture were 75% soil kilned and 25%
powdered glass waste (3:1). Then % of the stabilizers varied, for
example, 5, 15, and 25% of the total weight of the sample.

Results

¢ MDD, CBR, and UCS values were increased, while the OMC
decreased after the 14 days of curing. Additionally, a free swell of
expansive soil and CBR swell values were improved, and montmo-
rillonite illite minerals were used for the X-ray di¢raction (XRD)
test to have disappeared. Montmorillonite and illite minerals
disappeared [43].

6.0

North of
Morocco

Sliding
phenomena

Materials
* Reinforced concrete piles
* Finite element modeling
Procedure

* Finite element modeling was used to check reinforced concrete
piles, and the elastoplastic Mohr-Columb model was used for soil
modeling. Inclinometers were installed on the site to measure soil
deformation over time.

Results

* The horizontal displacement of the soil was close to the measured
in situ. Also, the measured displacements revealed that the method
of reinforcement by piles used in some areas of the study effectively
stabilizes landslides, and not others [44].
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No Country  Problem Materials, procedure, results, and conclusions
8.0 All Environmentally  Materials
countries frlenc.lly and . Waste tires
sustainable

stabilizers. Procedure

* Clays mixed with an optimum of the waste tire 20% by weight gave
better performance results than those from Geogrid.

* Additionally, engineering properties were improved after adding
2% waste tire rubber fibers to cement-stabilized bentonite clays.
Then, UCS ductility behavior was also achieved.

(30-50%) content coarse (4.75-2.00 mm) shredded tire waste
improved the expansive black cotton soil geotechnical properties
than the fine shredded tire, and it was observed that soil reinforced
with a shredded tire tested by use of a square model footing showed
that the bearing capacity of shredded tire reinforced soil increased
by 2.68 times when 5% of soil-shredded tire mixture was used but
when 5% of the soil-shredded tire mixture is added, there was a
reduction in the bearing capacity caused due to excess shredded tire
creating voids leading to the settlement of the foundations.

During stabilization mix ratios of clay soils named kaoline with

tire crumbles, fly ash tire was mixed, and after mixing, the MDD
decreased and OMC increased leading to a maximum bearing
capacity which ranged from 5 to 20%. Furthermore, clay was mixed
with sand soils and then stabilized by use of waste tire textile of

% ranging from 0.5 to 4% thus leading to an increased bearing
capacity [45].

90  Keruing  Environmentally —Materials
savdust frlel‘u.ilyand ¢ Saw dust
sustainable
stabilizers. Procedure

* A total of 3% of Keruing sawdust mixed with expansive soils
improved the expansive soil’s properties, but durability tests were
recommended.

A total of 0, 2.5, 5, 7.5, 10% of sawdust and 12.5% of the dry unit
weight soil were used to stabilize the expansive soil, and the swell-
ing potential and swelling pressure decreased with the increased
percentages of sawdust addition. UCS increased sawdust addition
by 7.5%, and beyond that, they started reducing.

Furthermore, different quantities of sawdust (1, 2, 3, and 5%)

were also used to stabilize the expansive soils, and it was found that
smaller percentages of sawdust brought a tremendous increase in
the strength of the stabilized soils and 3% of optimum portion of
sawdust was influential in the stabilization of the expansive soil,
then beyond that there was a decline in strength observed, so it was
concluded that sawdust could be used to fill the voids in soils.

In Southwestern Nigeria, various saw dust ash %, such as 0, 2, 4, 6,
and 8%, were used to stabilize the soils, and optimal results were
obtained when 6% of SDA was used. Additionally, 4% of the dry
weight of the soil was used to stabilize the soil, which improved the
properties. So, the CBR in both soaked and unsoaked conditions
improved when 70% lateritic soil and 30% saw mixture were
formed, and when percentages from 0, 2, 4, 6, and 8% by the dry
unit weight of soil were used, the standard hydraulic conductivity
requirement was improved, but 8% was the optimum content [45].
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No Country  Problem Materials, procedure, results, and conclusions
10.0 Environmentally ~ Materials

frlenc.lly and « Flyash

sustainable

stabilizers Procedure

* The collapsibility potential of gypseous soil decreased when stabi-
lized by the fly ash class F activated with KOH and NaOH, and it
was identified that geopolymer fly ash had higher sulfate resistance
than Portland cement.

* 0,5, 10, 15, 20, and 30% fly ash were incorporated, and there
was an increase in the maximum dry unit but a reduction in the
optimum moisture content.

Results

* Whenever fly ash was increased and the curing period lengthened,
the UCS increased, thus the highest UCS was obtained when 30%
of flash was used after 90 curing days, then the strength properties
of marine soils stabilized with cement were improved than those
stabilized by fly ash in the short run (7-28 days).

The soil Atterberg test results improved by reducing the plasticity
index from 20.2% (non-stabilized) to 13.1% when the soils were
stabilized with 15% fly ash calcium fly ash (0, 3, 6, 9, 12, and 15%
of the dry unit weight), which was class C fly ash because the sum
of Si02, AL, 03, and Fe203 is 27.53, which is below 70% and palm oil
fuel ash [45].

11.0  Lake Ceramics Materials
Cha.d applications * Clays samples
basin,
Central Procedure
Africa * Particle size distribution, specific surface area, Atterberg limits,

swelling rate, and clay activities were conducted then also XRF and
XRD techniques were also conducted.

* Samples were fired in the range from 750 to 1250°C.

* Color, sound test, weight loss, bulk density, firing shrinkage, and
compression strength measured the firing characteristics.

* Water absorption was determined during 3 months in water
immersion.

Results

* Plasticity was high and made up of smectites associated with
kaolinite, illites, quartz and feldspar, and a high proportion of silica
and iron, but less alumina, high iron content responsible for the
reddish color in firing.

So, from the results, bulk density, linear firing shrinkage and
compressive strength, and water absorption were < 20% obtained,
which showed that the clays were suitable for producing ceramics
and tiles [46].
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No Country  Problem Materials, procedure, results, and conclusions
12.0  Algeria, potential use for ~ Materials
Morocco ceramic .
* Clays soils
and
Tunisia Results

* Illite ranged from 12 to 38%, and kaolinite was 12-17%, as seen
from the three countries.

Tunisia was comprised of 15% smectite, 4% palygorskite, 30%
quartz, and 15% calcite, but the other countries were not men-
tioned, so it means they had very little maybe.

Large amounts of iron (>5.6%), earth-alkaline oxides (>6.9%), and
high values of LOI (>12%).

The plasticity (P1.) ranged from 16 to 40%, and Algeria had the
highest requiring particular attention and careful temperature
control during drying to avoid the deformation and the formation
of cracks in the ceramic bodies. In contrast, the Tunisian and
Moroccan clays (P.I. = 18 and 16%, respectively) show acceptable
behavior in shaping and drying.

Indeed, the amount of fraction upper 63 pm was less than 2%. The

abundance of components, such as Fe,0;, CaO, MgO, K,0 and

Na,0, influences the main transformations during firing.
Conclusion

* The firing shrinkage, water absorption, and flexural strength were
within the ceramic international standards (ISO) [47].

Table 1.
Other construction techniques related to clay soils in Africa.

1.3 Clinker

These are solids which appear as nodules or lumps measuring between 3 mm and
25 mm or 0.12-0.98 inches in diameter produced during the kilning stages when
limestone is heated with clay within a temperature from 1400 to 1500°C, after which
gypsum will be added and then grounded to obtain cement. This is also a binder in
various cement products, namely ground granulated blast furnace slag, Pozzolana,
silica fume, and composite, and the clinker components are an alite, belite, aluminate,
then the types are sulfate resistant, low heat, white, low alkali, belite calcium-sulfo
aluminate ternesite, etc.

In Malawi, Cote d’Ivoire, Cameroon, Algeria and Ghana, gas suspension systems
were created. The clay calciner system was expected to substitute between 30 and
40% of the clinker in the final product and these products improved the cement
quality and controlled carbon dioxide emissions by up to 40% tone. In Nigeria,

Level 1 reduction in greenhouse gas emissions was achieved when the calcined clays,
limestone powder and ordinary Portland cement were used, and additionally, and this
solved the housing deficit around Africa [49].

1.4 Adsorbent

This is the accumulation of large molecular species at the surface of liquid or solid
phase compared to the bulk, and it arises due to unbalanced or residual forces at the
surface of the liquid or solid phase. Adsorption happens at the surface of a substance,
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and absorption means uniform distribution of the substance throughout the bulk,

for example, low energy electron diffraction (LEED), photoelectron spectroscopy
(PES), and scanning tunneling microscopy (STM). Adsorption can occur in liquids or
solids, and there are two types of adsorptions, namely physical or physisorption and
chemical or chemisorption, then adsorption processes are studied through isotherm,
GIBBs, Freundlich isotherm, Langmuir isotherm, multilayer, and BET. The method
of adsorption is useful both in industrial and domestic, for example, heterogeneous
catalysis, removal of coloring material, ion exchange resins, adsorption indicators,
gas masks, dyeing of cloth and de humidizers, etc.

In Algeria, activated clay was used as an adsorbent to remove methyl orange
(MO) from an aqueous solution, and pseudo-second order and second order were
used, but the kinetic process followed the pseudo-second-order model. Additionally,
the Langmuir and Freundlich isotherms models were used in the data description,
and the results showed that all models obtained a good correlation. So, with nearly
30 minutes of contact time, the adsorption reached equilibrium and then became
favorable at a lower pH [50].

2. Conclusion

The most significant findings are improvements in machine systems, procedures,
and clay soil properties, and these will help to mitigate climate change during the
manufacture of the products and execution of structures leading to saving of trees.
However, although improvements were made to construction techniques related to
clay soils, there is a need to implement them within the daily construction rather than
only demonstrating most of them in the laboratory.
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