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Preface

The word Earth has many interpretations; as a planet that sustains all life and
ecosystems, terrestrially it is the land mass we live on; as a material resource, it
represents the complex mixture of clay, sand, minerals and nutrients that sustains
agriculture, subterranean biodiversity and human civilisations; and spiritually, it
goes full circle to establish our primal oneness with the planet. To all native
civilisations, the earth is all encompassing and revered spiritually; to all modern
civilisations, the earth supports all the ecosystem services that drives development,
industrialisation and economic growth. Through millennia, the earth has served to
house civilisations across the world, in nearly all climates and terrains, and has
sustained the ravages of time as a durable and sustainable building material. In
modern interpretations, the earth carries a nearly zero-carbon footprint, negligible
life-cycle impact and complete recyclability with no end of life (disposal). It is
accessible in its diversity to nearly all civilisations across the world, where unique
construction techniques have evolved from cob wall, wattle and daub, to modern
rammed earth building technologies.

However, never in recorded history have we faced with the challenges to sus-
tainability such as now, with buildings driving more than half of global energy and
resource consumption and CO2 emissions. Modern pursuits, driven by high energy
efficiency in buildings, are also proving to be counterintuitive with rebound effects
yielding an exponentially higher net-energy consumption, rather than energy sav-
ing. Recent reports on measures to mitigate climate change have revealed the need
to reduce building energy and resource footprint by half in the coming decades, if
global warming temperatures are to be kept below 2 °C.

It is but timely that earthen constructions are revisited for their potential to meet
the growing demand for modern housing, relieve the increasing burden of urban-
isation, and as an alternative material which is environmentally benign, renewable,
globally accessible and affordable. Scientific research needs to step in to reinforce
modern faith on the durability, structural performance, climate responsiveness and
best building practices in the adoption of earthen construction to suit modern
lifestyles. Researchers working on various facets of earthen construction, ranging
from its cultural heritage to climatic and structural performance, are few and
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scattered. The current volume is a compilation of well-written diverse articles, with
earth being the common connecting theme, from researchers worldwide exploring
the earth for sustainable construction.

Bangalore, India B. V. Venkatarama Reddy
Bangalore, India Monto Mani
Bath, UK Pete Walker

viii Preface



Acknowledgements

We gratefully acknowledge the authors for their contribution and also extend our
sincere appreciation for the support extended by a large panel of reviewers for
critically reviewing all the papers and enhancing the quality of the book.

This book is an important outcome of the International Symposium of Earthen
Structures 2018 (ISES 2018). The prime mover for organising ISES 2018 has been
the UK-India collaborative (UKIERI) project (UKIERI 2016-17-063) on develop-
ing earth-based building products utilising solid wastes. On behalf of the organisers,
we take immense pride in expressing our gratitude for the generous financial
assistance from the UKIERI scheme.

Special thanks also to Springer for taking this up as an edited publication and
making it accessible worldwide.

B. V. Venkatarama Reddy
Monto Mani
Pete Walker

ix



Contents

Part I Earthen Materials and Technology

1 Studies on Geopolymer-Based Earthen Compacts . . . . . . . . . . . . . 3
R. K. Preethi and B. V. Venkatarama Reddy

2 Stabilisation of Clay Mixtures and Soils by Alkali Activation . . . . 15
Alastair Marsh, Andrew Heath, Pascaline Patureau, Mark Evernden
and Pete Walker

3 Moisture Transport in Cement Stabilised Soil Brick-Mortar
Interface and Implications on Masonry Bond Strength . . . . . . . . . 27
B. V. Venkatarama Reddy, V. Nikhil and M. Nikhilash

4 Bond Strength of Rebars in Cement-Stabilised
Rammed Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
R. Lepakshi and B. V. Venkatarama Reddy

5 Shear Strength Parameters and Mohr–Coulomb Failure
Envelopes for Cement-Stabilised Rammed Earth . . . . . . . . . . . . . . 51
R. Lepakshi and B. V. Venkatarama Reddy

6 Influence of Normal Stress and Bonding Techniques on Shear
Bond Strength of Rammed Earth . . . . . . . . . . . . . . . . . . . . . . . . . 61
S. N. Ullas, G. S. Pavan and K. S. Nanjunda Rao

7 Characteristics of Flowable Stabilised Earth Concrete . . . . . . . . . . 71
K. Gourav and S. N. Ullas

8 The Stabilized Rammed Earth Building Technique and its Use
in Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Rodrigo Amaral Rocha and Pedro Henryque Melo de Oliveira

xi



9 Mineralogical, Physical, and Mechanical Properties
of Soil for Using in Adobe Blocks . . . . . . . . . . . . . . . . . . . . . . . . . 93
Lucas Miranda Araújo Santos, Aline Figueirêdo Nóbrega de Azerêdo,
Givanildo Alves de Azerêdo and Sérgio Ricardo Honório de Assis

10 A Case Study on Technical and Social Aspects of Earth Houses
in Rural India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Y. Kulshreshtha, P. J. Vardon, N. J. A. Mota,
M. C. M. van Loosdrecht and H. M. Jonkers

11 Identification of Saudi Arabian Soil Appropriate for Stabilised
Earth Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Mohammad Sharif Zami

12 Strength and Cementation in a Termite Mound . . . . . . . . . . . . . . 131
Nikita Zachariah, Ramesh K. Kandasami, Aritra Das,
Tejas G. Murthy and Renee M. Borges

13 Reviewing the Issue of “Acceptability” of Earthen Structures
in Housing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Sujoy Chaudhury

14 Interlocking in Mud Blocks for Improved Flexural Strength . . . . . 153
H. G. Vivek Prasad and K. S. Jagadish

15 Earthen Materials as Opportunity for CDW Reduction
Results from the EU-Funded Research Project RE4 . . . . . . . . . . . 163
Andrea Klinge, Eike Roswag-Klinge, Christof Ziegert,
Caroline Kaiser and Danijela Bojic

16 Organic Stabilisers in Traditional Mud Homes of India . . . . . . . . 175
Rosie Paul and Sridevi Changali

17 Advances in the Use of Biological Stabilisers and
Hyper-compaction for Sustainable Earthen Construction
Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
Sravan Muguda, George Lucas, Paul Hughes, Charles Augarde,
Alessia Cuccurullo, Agostino Walter Bruno, Celine Perlot
and Domenico Gallipoli

18 Stress–Strain Characteristics of Unstabilised
Rammed Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Holur Narayanaswamy Abhilash and Jean-Claude Morel

19 Studies on Strength Development of Geopolymer Stabilised
Soil-LPC (Lime-Pozzolana-Cement) Mortars . . . . . . . . . . . . . . . . . 215
P. T. Jitha, B. Sunil Kumar and S. Raghunath

xii Contents



20 Innovations in Construction of Cement-Stabilized Rammed
Earth Dwellings Post Bhuj-2001 Earthquake . . . . . . . . . . . . . . . . . 225
Kiran Vaghela and Tejas Kotak

21 Effect of Bamboo Fiber and C&D Waste on Moisture Content
and Compressive Strength Relationship for Cement Stabilized
Rammed Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
K. Arpitha

22 Strength and Elastic Properties of Tank-Bed Soil and
Lime–Pozzolana-Based Geopolymer Units and Prisms . . . . . . . . . . 245
T. K. Jyothi, S. Raghunath, R. V. Ranganath and K. S. Jagadish

23 Effectiveness of Polypropylene Fibers on Impact and Shrinkage
Cracking Behavior of Adobe Mixes . . . . . . . . . . . . . . . . . . . . . . . . 257
Gerardo Araya-Letelier, Federico C. Antico, Jose Concha-Riedel,
Andres Glade and María J. Wiener

24 Influence of Jute Fibers to Improve Flexural Toughness, Impact
Resistance and Drying Shrinkage Cracking in Adobe Mixes . . . . . 269
Jose Concha-Riedel, Gerardo Araya-Letelier, Federico C. Antico,
Ursula Reidel and Andres Glade

25 The Effect of Incorporating Recycled Materials on the
Load–Deformation Behaviour of Earth for Buildings . . . . . . . . . . 279
Kristopher J. Dick, J. Pieniuta, K. Arnold, P. Logan
and Timothy J. Krahn

Part II Structural Performance and Durability

26 Behaviour of Cement Stabilised Rammed Earth Walls Under
Concentric and Eccentric Gravity Loading . . . . . . . . . . . . . . . . . . 293
B. V. Venkatarama Reddy, V. Suresh and K. S. Nanjunda Rao

27 Alternative Methods in Numerical Modelling of Earth Masonry
Under Seismic Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305
K. P. I. E. Ariyaratne, Chintha Jayasinghe, M. T. R. Jayasinghe
and Pete Walker

28 Durability of Rammed Earth: A Comparative Study of Spray
Erosion Testing and Natural Weathering . . . . . . . . . . . . . . . . . . . . 319
Inayath Kharoti, Pete Walker and Chintha Jayasinghe

Contents xiii



Part III Energy and Environmental Performance: Climatic
Response and Thermal Performance

29 Error Analysis on Thermal Conductivity Measurements
of Cement-stabilized Soil Blocks . . . . . . . . . . . . . . . . . . . . . . . . . . 333
N. C. Balaji and Monto Mani

30 Hygrothermal Behaviour of Cob Material . . . . . . . . . . . . . . . . . . . 345
Tuan Anh Phung, Malo Le Guern, Mohamed Boutouil
and Hasna Louahlia

31 Light Earth Performances For Thermal Insulation:
Application To Earth–Hemp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
T. Vinceslas, T. Colinart, E. Hamard, A. Hellouin de Ménibus,
T. Lecompte and H. Lenormand

Part IV Energy and Environmental Performance:
Thermal Comfort and Indoor Air-Quality

32 The Relevance of Earthen Plasters for Eco Innovative,
Cost-Efficient and Healthy Construction—Results
from the EU-Funded Research Project [H]house . . . . . . . . . . . . . . 371
Andrea Klinge, Eike Roswag-Klinge, Matthias Richter,
Patrick Fontana, Johannes Hoppe and Jerome Payet

33 Indoor Air Quality Regulation Through the Usage
of Eco-Efficient Plasters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
Maria Idália Gomes, João Gomes and Paulina Faria

34 Full-Scale Simulation of Indoor Humidity and Moisture
Buffering Properties of Clay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395
Valeria Cascione, Daniel Maskell, Andy Shea and Pete Walker

Part V Architecture/Design

35 Climate Responsive Earthen Architecture of Chigule . . . . . . . . . . 409
Amit C. Kinjawadekar

36 Exploring Attributes of Vernacular Assam Type House
Design Techniques in Contemporary Setting . . . . . . . . . . . . . . . . . 419
Shiva Ji and Ravi Mokashi Punekar

Part VI Heritage: Conservation, Repair and Reuse

37 Role of Earthen Materials in Rural Vernacular Architecture:
The Case of Anavangot Ancestral Home . . . . . . . . . . . . . . . . . . . . 437
Sridevi Changali and Rosie Paul

xiv Contents



Part VII Codes and Design Guidelines

38 Engineering Design of Rammed Earth in Canada . . . . . . . . . . . . . 449
Timothy J. Krahn and Kristopher J. Dick

39 Hygrothermal and Hydromechanical Behaviours of Unstabilized
Compacted Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457
Antonin Fabbri, Longfei Xu, Henry Wong and Fionn McGregor

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467

Contents xv



Editors and Contributors

About the Editors

B. V. Venkatarama Reddy is a Professor in the Department of Civil Engineering
and the Chairman of the Centre for Sustainable Technologies in Indian Institute of
Science (IISc), Bangalore. He holds a doctorate in structural engineering from IISC,
where he has been working since 1979. He has a strong interest in structural
masonry, mechanics of materials, energy in buildings, green buildings, low carbon
construction materials, and recycling of solid wastes into construction materials,
and has jointly authored a book on alternative building materials and technologies,
edited a couple of books on masonry, and developed a large number of low
embodied carbon construction materials and techniques. Prof Reddy has served as
consultant for several innovative projects on alternative building technologies and
as a member of several technical committees in Bureau of Indian Standards and
other government agencies. He was the DAAD Visiting professor at Bauhaus
University, Germany and a Visiting Professor at University of Bath, UK. He is a
member of many professional bodies including the Indian Concrete Institute,
ISCEAH, IC-NOCMAT, British Masonry Society and RILEM.

Monto Mani is an Associate Professor in the Centre for Sustainable Technologies
and Centre for Product Design & Manufacturing in IISc Bangalore. He is an
Architect, with a master’s degree in Civil Engineering. As part of his PhD from
Indian Institute of Technology Madras, he developed a systems-framework iden-
tifying societal attitude as a critical determinant of sustainability. Dr Monto’s
research deals with the interdisciplinary domain of sustainability science, specifi-
cally focusing on its theoretical basis, and application in the architecture (buildings)
and design. His Sustainability and Design lab (SuDesi) comprises multi-
disciplinary researchers working in diverse areas of sustainability. He is best
known for his contributions in functional performance of buildings, PV

xvii



performance and building integration (BIPV) and sustainability evaluation in
design. He has extensive interdisciplinary publications pertaining to sustainability.

Prof. Pete Walker is a Fellow of the Institution of Structural Engineers (UK), and
has been Director of the BRE Centre for Innovative Construction Materials at the
University of Bath since 2006. He has published over 250 articles on his research
work on natural building materials, covering earthen construction, crop-based
building materials and timber engineering. He teaches materials and structural
engineering to undergraduate and postgraduate civil engineering and architecture
students at the University of Bath.

Contributors

Holur Narayanaswamy Abhilash Indian Institute of Science, Bangalore, India

Rodrigo Amaral Rocha Olnee Constructions and Earth House Australia,
Melbourne, Australia

Federico C. Antico Universidad Adolfo Ibáñez, Viña del Mar, Chile

Gerardo Araya-Letelier Pontificia Universidad Católica de Chile, Santiago,
Chile

K. P. I. E. Ariyaratne Department of Civil Engineering, University of Moratuwa,
Moratuwa, Sri Lanka

K. Arnold Biosystems Engineering, University of Manitoba, Winnipeg, Canada

K. Arpitha ACS College of Engineering, Bangalore, India

Charles Augarde Department of Engineering, Durham University, Durham, UK

N. C. Balaji Department of Civil Engineering, The National Institute of
Engineering, Mysore, India

Danijela Bojic ZRS Ingenieure, Berlin, Germany

Renee M. Borges Centre for Ecological Sciences, Indian Institute of Science,
Bangalore, India

Mohamed Boutouil ESITC Caen, Epron, France

Agostino Walter Bruno Laboratoire SIAME, Fédération IPRA, Université de Pau
et des Pays de l’Adour, Anglet, France

Valeria Cascione Department of Architecture and Civil Engineering, University
of Bath, Bath, UK

Sridevi Changali Masons Ink, Bangalore, India

xviii Editors and Contributors



Sujoy Chaudhury Center for Sustainable Solutions, Kolkata, India

T. Colinart Université Bretagne Sud, Lorient, France

Jose Concha-Riedel Universidad Adolfo Ibáñez, Santiago, Chile

Alessia Cuccurullo Department of Engineering, Durham University, Durham, UK
Laboratoire SIAME, Fédération IPRA, Université de Pau et des Pays de l’Adour,
Anglet, France

Aritra Das Centre for Neuroscience, Indian Institute of Science, Bangalore, India

Sérgio Ricardo Honório de Assis Federal University of Paraiba, PPGECAM,
João Pessoa, Brazil

Aline Figueirêdo Nóbrega de Azerêdo Federal Institute of Education, Science
Technology of Paraiba, João Pessoa, Brazil

Givanildo Alves de Azerêdo Department of Civil and Environmental
Engineering, Federal University of Paraiba, João Pessoa, Brazil

A. Hellouin de Ménibus Eco-Pertica, Hôtel Buissonnet, Perche-En-Nocé, France
Association Nationale Des Chanvriers en Circuits Courts, Bouquet, France

Kristopher J. Dick Biosystems Engineering, University of Manitoba, Winnipeg,
Canada

Mark Evernden Department of Architecture & Civil Engineering, University of
Bath, Bath, UK

Antonin Fabbri LTDS, UMR5513 CNRS, ENTPE, Université de Lyon,
Vaulx-en-Velin, France

Paulina Faria CERIS and Civil Engineering Department, NOVA University of
Lisbon (FCT NOVA), Caparica, Portugal

Patrick Fontana RISE Research Institutes of Sweden, Göteborg, Sweden

Domenico Gallipoli Laboratoire SIAME, Fédération IPRA, Université de Pau et
des Pays de l’Adour, Anglet, France

Andres Glade Universidad Adolfo Ibáñez, Viña del Mar, Chile

João Gomes Chemical Engineering Department, Lisbon Engineering Superior
Institute (ISEL), Lisbon Polytechnic Institute (IPL), Lisbon, Portugal

Maria Idália Gomes Civil Engineering Department, Lisbon Engineering Superior
Institute (ISEL), Lisbon Polytechnic Institute (IPL), Lisbon, Portugal

K. Gourav Department of Civil Engineering, The National Institute of
Engineering, Mysore, India

E. Hamard IFSTTAR, MAST, Bouguenais, France

Editors and Contributors xix



Andrew Heath Department of Architecture & Civil Engineering, University of
Bath, Bath, UK

Johannes Hoppe Bundesanstalt für Materialforschung und -prüfung (BAM),
Berlin, Germany

Paul Hughes Department of Engineering, Durham University, Durham, UK

K. S. Jagadish Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

Chintha Jayasinghe Department of Civil Engineering, University of Moratuwa,
Moratuwa, Sri Lanka

M. T. R. Jayasinghe Department of Civil Engineering, University of Moratuwa,
Moratuwa, Sri Lanka

Shiva Ji Indian Institute of Technology Hyderabad, Hyderabad, India

P. T. Jitha Department of Civil Engineering, BMS College of Engineering,
Bangalore, India

H. M. Jonkers Faculty of Civil Engineering and Geosciences, Delft University of
Technology, Delft, The Netherlands

T. K. Jyothi Department of Civil Engineering, Government Engineering College,
Ramanagaram, India

Caroline Kaiser ZRS Ingenieure, Berlin, Germany

Ramesh K. Kandasami Schofield Centre, West Cambridge Site, University of
Cambridge, Cambridge, UK

Inayath Kharoti Department of Architecture and Civil Engineering, University of
Bath, Bath, UK

Amit C. Kinjawadekar Faculty of Architecture, MIT, MAHE Manipal, Manipal,
India

Andrea Klinge ZRS Architekten, Berlin, Germany

Tejas Kotak Hunnarshala, Foundation for Building Technology and Innovation,
Bhuj District, Gujarat, India

Timothy J. Krahn Building Alternatives Inc., Codrington, ON, Canada

Y. Kulshreshtha Faculty of Civil Engineering and Geosciences, Delft University
of Technology, Delft, The Netherlands

B. Sunil Kumar Cushman & Wakefield India Private Limited, Bangalore, India

Malo Le Guern ESITC Caen, Epron, France

T. Lecompte Université Bretagne Sud, Lorient, France

H. Lenormand UniLaSalle, Mont-Saint-Aignan, France

xx Editors and Contributors



R. Lepakshi Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

P. Logan Biosystems Engineering, University of Manitoba, Winnipeg, Canada

Hasna Louahlia LUSAC—Caen Normandy University, Saint-Lô, France

George Lucas Department of Engineering, Durham University, Durham, UK

Monto Mani Centre for Sustainable Technologies, Indian Institute of Science,
Bangalore, India

Alastair Marsh Department of Civil Engineering, University of Bath, Bath, UK

Daniel Maskell Department of Architecture and Civil Engineering, University of
Bath, Bath, UK

Fionn McGregor LTDS, UMR5513 CNRS, ENTPE, Université de Lyon,
Vaulx-en-Velin, France

Pedro Henryque Melo de Oliveira UFU, Uberlândia, Minas Gerais, Brazil

Jean-Claude Morel Coventry University, Coventry, UK

N. J. A. Mota Faculty of Architecture and the Built Environment, Delft University
of Technology, Delft, The Netherlands

Sravan Muguda Department of Engineering, Durham University, Durham, UK
Laboratoire SIAME, Fédération IPRA, Université de Pau et des Pays de l’Adour,
Anglet, France

Tejas G. Murthy Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

K. S. Nanjunda Rao Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

V. Nikhil Centre for Sustainable Technologies (CST), Indian Institute of Science,
Bangalore, India

M. Nikhilash Centre for Sustainable Technologies (CST), Indian Institute of
Science, Bangalore, India

Pascaline Patureau Department of Chemistry, University of Bath, Bath, UK

Rosie Paul CRAterre-ENSAG, Grenoble, France

G. S. Pavan Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

Jerome Payet Cycleco, Ambérieu-En-Bugey, France

Celine Perlot Laboratoire SIAME, Fédération IPRA, Université de Pau et des
Pays de l’Adour, Anglet, France

Tuan Anh Phung ESITC Caen, Epron, France

Editors and Contributors xxi



J. Pieniuta Biosystems Engineering, University of Manitoba, Winnipeg, Canada

R. K. Preethi Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

Ravi Mokashi Punekar Indian Institute of Technology Guwahati, Guwahati,
India

S. Raghunath Department of Civil Engineering, BMS College of Engineering,
Bangalore, India

R. V. Ranganath Department of Civil Engineering, BMS College of Engineering,
Bangalore, India

Ursula Reidel Sika S.A. Chile, Santiago, Chile

Matthias Richter Bundesanstalt für Materialforschung und -prüfung (BAM),
Berlin, Germany

Eike Roswag-Klinge ZRS Architekten, Berlin, Germany

Lucas Miranda Araújo Santos Federal University of Paraiba, PPGECAM, João
Pessoa, Brazil

Andy Shea Department of Architecture and Civil Engineering, University of Bath,
Bath, UK

V. Suresh Department of Civil Engineering, Indian Institute of Science,
Bangalore, India

S. N. Ullas Centre for Sustainable Technologies, Indian Institute of Science,
Bangalore, India

M. C. M. van Loosdrecht Faculty of Applied Sciences, Delft University of
Technology, Delft, The Netherlands

Kiran Vaghela Hunnarshala, Foundation for Building Technology and
Innovation, Bhuj, Gujarat, India

P. J. Vardon Faculty of Civil Engineering and Geosciences, Delft University of
Technology, Delft, The Netherlands

B. V. Venkatarama Reddy Centre for Sustainable Technologies (CST), Indian
Institute of Science, Bangalore, India
Department of Civil Engineering, Indian Institute of Science, Bangalore, India

T. Vinceslas Université Bretagne Sud, Lorient, France

H. G. Vivek Prasad Department of Construction Technology and Management,
Sri Jayachamarajendra College of Engineering, Mysore, India

Pete Walker BRE Centre for Innovative Construction Materials, University of
Bath, Bath, UK
Department of Architecture & Civil Engineering, University of Bath, Bath, UK

xxii Editors and Contributors



María J. Wiener Purdue University, West Lafayette, USA

Henry Wong LTDS, UMR5513 CNRS, ENTPE, Université de Lyon,
Vaulx-en-Velin, France

Longfei Xu LTDS, UMR5513 CNRS, ENTPE, Université de Lyon,
Vaulx-en-Velin, France

Nikita Zachariah Centre for Ecological Sciences, Indian Institute of Science,
Bangalore, India

Mohammad Sharif Zami King Fahd University of Petroleum and Minerals,
Dhahran, Saudi Arabia

Christof Ziegert ZRS Ingenieure, Berlin, Germany

Editors and Contributors xxiii



Introduction

Earthen Structures

The earliest attempts by humans to build shelters included the use of earth/soil
along with twigs/leaves and branches as basic building materials. More than a third
of humanity dwells in earthen buildings even in today’s twenty-first-century super
modern world. Earthen structures are more climatically suited, environmentally
benign, accessible and affordable to all and provide a very primal cultural con-
nection with nature. This is valid, despite the diversity in culture, soil and natural
conditions and climatic conditions. Civilisations have thrived in earthen construc-
tion even in extremes of climatic conditions. The earth that is accessible to diverse
geographical locations is in itself diverse in its characteristics and represents a
material that is inherently durable given their availability and occurrences despite
millennia of climatic exposure and weathering. In our current pursuit of sustainable
development, earthen structures hold enormous relevance and potential in providing
solutions for environmentally friendly buildings that are energy efficient, com-
fortable, durable and recoverable/recyclable. The earth in the native cultures is
associated with poverty, deprivation and underdevelopment, which in modern
civilisations is associated with abundance, choice and wealth. Given the incessant
demand for housing, earth holds immense potential as a sustainable material for the
larger share of human society. Native cultures have always found a spiritual con-
nection with the earth as a supporter of life (and dwellings). They have also
developed a natural physiological resilience to withstand wider climatic variabilities
moderated within earthen dwellings. The indoor air quality in naturally ventilated
earthen dwellings is generally healthier than that found in conditioned buildings.
Their acoustic performance is also superior to that of modern building materials.
The design of earthen dwellings is generally organic with spatial inclusiveness that
fosters greater social interaction in comparison with modern conditioned dwellings
that tend to adopt a compartmentalised layout that inhibits social interaction. Faith
in the appropriateness of earth as a climate responsive, durable and environmentally
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friendly building material needs to be restored, by revisiting them based on modern
scientific scrutiny and the subsequent generation of codes and best practices.

Lack of tested earth-based construction practices, rapid urbanisation, changing
lifestyles and increased adoption of (energy-intensive) modern construction mate-
rials have led to a steep decline in the adoption of traditional/vernacular earthen
structures. Modern architecture is characterised by dwellings that are not climati-
cally responsive, adopt exotic energy-intensive materials and rely heavily on (fossil
fuel) energy for operation and maintenance. The inhabitants exhibit much lower
physiological resilience to climatic variabilities, being completely habituated (and
vulnerable) to artificially conditioned indoor environments.

Vernacular dwellings typically carry a low embodied energy less than 2 GJ/m2,
while modern dwelling can exceed 8 GJ/m2. Consequently, operational energy (for
comfortable indoor environments) is barely 1 GJ/household/year for vernacular
dwellings and can exceed 30 GJ/household/year for modern dwellings. Accounting
for modern transitions in vernacular dwellings (that house nearly 2 billion in China
and India), the implication on resource and energy demand for housing is worrisome.
These transitions, if not regulated appropriately, can further exasperate sustainability
at the global scale, which is already threatened by energy- and resource-intensive
lifestyles of industrialised regions. Materials derived from the earth, that are easily
accessible, have the potential to provide for sustainable dwelling alternatives and
dampen the otherwise insatiable reliance on energy-intensive materials (and
lifestyle).

In the past, a variety of earth-based technologies and techniques have been
adopted for building construction. Adobe masonry, cob walls, rammed earth, nat-
ural fibre-reinforced earth, wattle and daub, etc., are few of the traditional methods
used for earthen construction. Limitations in the widespread adoption of
earth-based techniques for buildings include lack of standardised engineering
methodologies, loss of traditional (undocumented) skill and wisdom, poor seismic
resistance, lack of strength upon saturation, poor resistance against rain impact,
uncertified products, lack of sustained R&D efforts, insufficient education and
training, poor regulatory mechanisms and the perceived stigma of poverty associ-
ated with earthen construction. Fortunately, interest in traditional and modern
methods of earthen structures has been steadily growing as more sustainable and
healthier buildings are sought globally. There is considerable interest in the
adoption of earth-based materials such as stabilised earth blocks, rammed earth,
fibre-reinforced earthen materials, cob walls and earthen mortars. Currently, there
are focused R&D efforts in the areas of earthen materials, thermal performance of
such materials and buildings, durability studies, standardisation of earthen building
products, seismic response of earthen structural systems, knowledge dissemination,
education and teaching, across the world.

The edited book is an amalgamation of diverse and interconnected topics on
earthen structures, derived from peer-reviewed papers submitted to the International
Symposium on Earthen Structures (ISES 2018). The book provides an in-depth
analysis on various aspects of earthen structures, with science-based technical
content on materials and technologies, structural design and seismic performance,
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durability, seismic response, climatic response, hygrothermal performance and
durability, design and codes, architecture, heritage and conservation and technology
dissemination. The book will be useful to architects, engineers, scientists, teaching
professionals, construction professionals and students, providing a useful document
on the current status and knowledge of earthen structures.
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Part I
Earthen Materials and Technology



Chapter 1
Studies on Geopolymer-Based Earthen
Compacts

R. K. Preethi and B. V. Venkatarama Reddy

1.1 Introduction

Geopolymermechanism involves the silicates and aluminates in the presence of alkali
to undergo the process of geopolymerisation. Geopolymer products are originated
by poly-condensation of aluminosilicates with alkali-activatingmetals yielding poly-
meric Si–O–Al bonds (Davidovits 1999; Duxson et al. 2007; Provis 2014). Earlier
geopolymer was named as “Gruntosilikat” and “Gruntocement-geocement” (Glu-
chovskij 1959). Sodium hydroxide (NaOH) or potassium hydroxide (KOH) along
with sodium silicate solution is used as an alkali activator solution in preparing
geopolymer products (Davidovits 1988, 1994). Hardening process of the geopoly-
mers in the presence of alkali metals takes place at the temperatures between 25 and
90 °C. Curing the geopolymer specimens beyond 90 °C results in the dehydration
which will lead to the formation of cracks in the specimens (Hardjito et al. 2003;
Khale 2007; Rovnanik 2010; Heah and Kamarudin 2011; Slaty et al. 2013).

Cement is the most commonly and widely used binder material in the con-
struction industry. To reduce the consumption of cement in the building industry,
alkali-activated products (Geopolymers) are emerging as alternative binder mate-
rials. Replacing Portland cement with geopolymer binder as an alternative in the
conventional concrete has been attempted (Rangan 2008a, b, 2009; Hardjito 2004;
Kunal Kupawade Patil and Allouche 2013). Geopolymer binders are energy efficient
as they result in reduced carbon emission (Mclellan et al. 2011).

In the manufacturing process of clay bricks, clay is subjected to high temperature
(1000–1400 °C)where the claymineral changes from its natural form to a stable form
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called mullite (Grim and Bradley 1940). Burnt clay bricks possess high embodied
energy (Reddy and Jagadish 2003; Praseeda et al. 2015). Production of masonry
units using Portland cement, autoclaving or firing at higher temperature results in
higher amount of energy consumption and carbon emissions. Alkali activation of
natural clays and natural soils is an alternative method in the manufacturing process
of masonry units (Munoz et al. 2015; Maskell et al. 2014). The current study is
focused on exploring geopolymer binder using natural soil and clay minerals for the
manufacture of masonry units.

1.2 Scope of the Study and Experimental Programme

The scope of the present study included the utilisation of geopolymer binders in
the manufacturing process of masonry units. The earlier studies have indicated the
benefit of using the geopolymer binders in manufacturing the masonry units. An
attempt was made to examine the wet compressive strength of the alkali-activated
earthen compacts in the presence of ground granulated blast-furnace slag (GGBS)
and fly ash materials, with various molar concentrations of NaOH solution.

Different mix proportions were considered for casting the specimens. One set of
specimens were cast by varying the clay content in the mix. Additional source of
silica and alumina materials such as GGBS and fly ash was also used in casting the
specimens. Second set of specimens were cast using GGBS and fly ash with fixed

Table 1.1 Details of the experimental programme

Materials Clay (%) GGBS or
fly ash (%)

NaOH

8 M 10 M 12 M

Kaolinite/
Montmorillonite
mineral

10 0
√ √ √

15 0
√ √ √

20 0
√ √ √

4
√ √ √

8
√ √ √

12
√ √ √

15
√ √ √

Red soil 20 0
√ √ √

30 0
√ √ √

5
√ √ √

10
√ √ √

15
√ √ √

30
√ √ √

41 0
√ √ √
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clay content in the mix. The experimental programme considered in the study is
given in Table 1.1.

1.3 Materials Used in the Study

The materials used in the investigations include locally available soil, river sand, nat-
ural clay minerals (kaolinite and montmorillonite), ground granulated blast-furnace
slag (GGBS) and fly ash. Laboratory grade sodium hydroxide (NaOH) with 99%
purity was used in the study.

The lime reactivity of GGBS and fly ash was tested as per IS: 1727–2004 code
guidelines; the results were 9.74 and 2.99 MPa, respectively. Figure 1.1 gives the
grain size distribution curves of kaolinite, soil, sand, soil with 20% clay fraction
and 20% kaolinite in the mix used. It was difficult to obtain grain size distribution
curve for montmorillonite clay mineral using hydrometer analysis. The natural soil
has 41% clay fraction (<2 µm) containing predominantly kaolinite clay mineral.
Kaolinite clay mineral possesses clay size fraction of 54.69%. The clay fraction
(<2 µm) of the soil mix with 20% clay content and that of mix with 20% kaolinite
are 18.73 and 10.96%, respectively.

The chemical composition and physical properties of some of the materials used
in the study are given in Table 1.2. The elemental composition was determined by
energy-dispersive X-ray (EDX) spectroscopy. Silica (Si) and alumina (Al) are the
major components present in the materials.

Fig. 1.1 Particle size distribution curve for river sand, natural soil, kaolinite, soil (20%clay fraction)
and 20% kaolinite mix
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Table 1.2 Chemical composition and physical properties of the materials used in the study

Element Composition (% by weight)

Red soil Kaolinite Montmorillonite GGBS Fly ash

Al 15.68 22.13 10.79 10.87 20.85

Si 24.56 29.82 20.31 18.31 26.77

Ca 0.32 0.61 0.26 21.61 1.27

Fe 9.28 1.41 2.83 0.48 5.08

Ti 0.8 0.81 2.02 0.41 1.93

K 1.17 0.78 – 0.4 2.08

Mg 0.19 – 1.36 4.41 –

Na – – 2.11 – –

S 0.3 – – 0.65 –

Physical properties

Specific gravity 2.68 2.63 2.39 2.91 2.28

Liquid limit 31 37.1 264.0 – –

Plastic limit 19.48 18.87 158.0 – –

Shrinkage limit 15.99 15.98 – – –

1.4 Casting and Testing Procedure

The effectiveness of geopolymer binders was evaluated through the determination
of compressive strength using the cylindrical specimens of size 38 mm diameter and
76 mm height. Sodium hydroxide pellets were dissolved in the distilled water to
prepare three different molar concentrations of 8, 10 and 12 M solution. The alkali
solution was used after 24 h of its preparation.

1.4.1 Mixing and Casting

Thematerials were mixed in the dry state to achieve a homogenous mixture; later, the
alkali activator solution was added to the dry mix. The moulding moisture content
(MMC) (containing alkali and silica) was in the range of 10–15% of the dry mix.
MMC depends upon the quantity of clay minerals in the mix. Higher percentage of
clay demanded higherMMC to achieve a consistency needed for compaction.Mortar
mixer was used in mixing the ingredients for 7 min to obtain the uniform mixture.
The dry density of the specimens was controlled and kept at 1.8 g/cc. The cylindrical
specimens were cast by compacting the partially saturated mix in a screw press.
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1.4.2 Curing and Testing

Specimens after 24 h of casting were cured in an oven at 80 °C for 72 h. Cured
specimens were dried in air for 24 h before testing. The specimens were tested for
the wet compressive strength by soaking them in water for 48 h prior to the testing.

1.5 Results and Discussions

1.5.1 Alkali-Activated Earthen Compacts

Thewet compressive strength of the alkali-activated natural soil (containing kaolinite
clay) compacts was determined. The strength results are shown in Fig. 1.2. The figure
shows the relationships between strength and clay content of the natural soil with
varying molar concentrations of the alkali solution. The relationships show that the
wet strength of the specimens increases with the increase in clay content in the mix,
irrespective of the molar concentration. The strength and clay content are linearly
related. There is about 50% increase in strength as the clay content was increased
from20 to 41%.Higher the clay content in themix,more amount of reactive silica and
alumina available,which resulted in the higher strength.Also, the increase inmolarity
of the activator solution increased the wet strength of the specimens. High alkali
content (>12 M) and higher clay content in the mix result in maximum compressive
strength for the soil compacts. The maximum strength obtained was 1.72 MPa with
12 M NaOH solution and with 41% clay fraction in the mix.

An attempt was made to examine the strength of alkali-activated compacts using
pure clay minerals. The compacts were prepared using pure clay minerals (kaolinite
and montmorillonite) and sand. The percentage of pure clay minerals in the mix
was varied between 10 and 20%. Figure 1.3 shows the variation in wet compressive

Fig. 1.2 Wet compressive strength of alkali-activated natural soil compacts


