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Preface

The RILEM International Conference on Earthen Construction (ICEC) was established
in 2022 to share the knowledge emerging in the rapidly expanding research area of
earthen construction materials and to welcome experts from all countries to a global
knowledge-sharing network, under the sponsorship of the RILEMAssociation. The first
event in the series was held in France at the Université Gustave Eiffel inMarne-la-Vallée,
Paris, in 2022.

Earthen construction materials are some of the most familiar to humanity and yet
some of themost poorly understood by engineers, architects, and designers. Over the past
decades, researchers have worked to understand how these materials behave and interact
with the world around them, firstly focusing on the engineering fields of strength and
durability. That work created the foundation for broader investigations into how these
materials regulate perceived indoor temperatures, can reduce embodied carbon, or can
interact with biological agents to create strong and durable materials without relying on
cementitious products.

The Second ICEC was held at The University of Edinburgh from 8 to 10 July
2024. The conference comprised plenary and parallel sessions, with keynote lectures
in the areas of the realities of commercialising earthen materials, methods to preserve
earthen material heritage, and advances in additive manufacturing methods to create
earthen structures. These topics highlight the critical ethos behind our research: modern
construction needs with a cultural responsibility.

These proceedings present the latest knowledge, understanding, and findings from
multidisciplinary research groups around the world and cover topics from the behaviour
of earthen materials when exposed to fire, through analyses of earthen structure per-
formance in future climates, to how the earthen construction literature is evolving and
condensing around key issues. The proceedings contain 53 technical papers, including
invited papers from the conference keynote speakers and from the leaders of the three
RILEM Association technical committees on earthen construction: MAE (mechanical
performance and durability assessment of earthen elements and structures); BEC (bio-
stabilised earth-based construction: performance-approach for better resilience); and
PEM (processing of earth-based materials). All papers have been reviewed by impartial
experts in the respective fields of earthen material use and behaviour.

The conference Steering Committee would like to acknowledge and thank the
RILEM Association and The University of Edinburgh School of Engineering Institute
for Infrastructure and Environment for their financial and administrative support for the
ICEC series.



vi Preface

The ICEC Steering Committee:

Christopher Beckett
Ana Bras

Antonin Fabbri
Emmanuel Keita

Céline Perlot
Arnaud Perrot



Contents

Additive Manufacturing and Rheology

Additive Manufacturing for Earth-Based Materials: An Experimental
Investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Daniel Trento, Flora Faleschini, Maryam Masoomi, Carlo Pellegrino,
and Mariano Angelo Zanini

Additive Manufacturing with Earth Based Materials - Minimization
of Shrinkage Deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Leonie Gleiser, Robin Pierer, Slava Markin, Marko Butler,
and Viktor Mechtcherine

Comprehensive Investigation into the Influence of Soil Composition
and Water Content on Cracking Due to Drying Shrinkage in 3D-Printed
Earthen Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Betty Gonzales, Diana Zavaleta, Bruno Bertolotti, Rafael Aguilar,
Miguel Pando, Javier Nakamatsu, Suyeon Kim, and Guido Silva

Developing 3D-printed Natural Fiber-Rich Earth Materials in Construction . . . . 32
EunJin Shin, Olga Beatrice Carcassi, Yierfan Maierdan,
Shiho Kawashima, and Lola Ben-Alon

Keeping the Processability of a Clay Mortar for Extrusion 3D Printing
While Decreasing Shrinkage and Increasing the Green Strength . . . . . . . . . . . . . . 42

Evelien Dorresteijn, Sofia Tsiotou, and Dirk Lowke

Optimisation of Earth-Based Mixtures in Terms of 3D-Printability
and Mechanical Properties: Feasibility Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Ivan Markovic, Alexandra Horat, and Danilo Pantellini

Robotic Rammed Earth-Concrete (RREC): A Novel Additive
Manufacturing Technology to Strengthen Rammed Earth Structures
by Integrated Rammed Concrete Parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Harald Kloft, Ali Salamatian, Joschua Gosslar, Evelien Dorresteijn,
and Dirk Lowke

Workflow for Earth-Based 3D-Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Inka Mai, Joschua Gosslar, Noor Khader, Dirk Lowke, and Norman Hack



viii Contents

Monitoring and Modeling of Formwork Pressure Exerted by Castable
Earthen Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Simon Guihéneuf, Mathieu Audren, Nathan Lely, Tangi Le Borgne,
Damien Rangeard, and Arnaud Perrot

Viscosity Control of Kaolinites Dispersion via Addition of Tannin
and Ferric Chloride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Charlotte Lovage, Elodie Prud’homme, and Yves Jorand

Biostabilisation

Challenges for Bio-Stabilised Earth-Based Construction . . . . . . . . . . . . . . . . . . . . 101
Céline Perlot, Agostino Walter Bruno, Magda Posani,
Guillaume Habert, and Snežana Vučetić
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Abstract. The achievement of sustainable development goals should be driven
not only by environmental policies but also considering societal constraints, such
as the valorisation of local traditions, especially in emerging countries. In the
field of construction engineering, 3D printing can be seen as a modern technique
which allows reproducing traditional constructions, such as those made in adobe
and cob, using local and natural materials, e.g. soils, and even recycled ones, thus
reducing the impacts related to the production and transport of the raw materials.
The environmental and economic advantages of additivemanufacturing arewidely
recognized for several applications: 3D printing does not require molds and allows
to save material, obtaining complex shapes easily. The main advantages are linked
to save money, time, handwork and properly reducing the environmental impact
of structures.

In this paper the results of an experimental campaign aimed at selecting earth-
based sustainable mixes for 3D printing are shown. At the beginning of the experi-
mental campaign, 18mixeswere prepared varying the dosage and the components:
among them, we selected locally available soil, silica sand, hydraulic lime binder,
unaltered rice husk, shredded rice husk, marble waste dust, municipal solid waste
incinerator bottom ash and fibres. Each mixture has been evaluated in terms of
printability, then mechanical tests were performed at 28 days of curing. Finally, an
efficiency evaluation of mixture is carried out considering compressive strength,
price and embodied carbon as affecting parameters.

Keywords: 3d printing · additive manufacturing · cob · earth materials ·
sustainability

1 Introduction

The use of earth-based materials in the construction sector has been growing over
the last few years thanks to their high recyclability and low environmental impacts
[1–3]. However, their application is still limited due to high water sensitivity and lack
of expertise among the stakeholders. The main issues regarding their use deal with both
fresh and hardened properties, that many authors tried to address adopting the same
solutions valid for concrete production [4, 5]. However, the mix-design of earth-based
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materials works quite differently than concrete, thus most solutions cannot be applied
achieving the same expected results.

Recently, additive manufacturing has been applied to earth-based constructions too,
trying to achieve further sustainability goals by means of employing locally available
[6] or waste materials [7]. Many efforts have been made indeed to automatize the con-
struction process, seeking to reduce both construction costs and labour needed. Among
the available solutions, additive manufacturing is the most studied [8, 9] because costs,
impacts and time linked to formworks are almost avoided at all. Apart from this, the
importance of 3D printing has grown for the ease and flexibility to create complex shapes
which cannot be reproduced by other techniques.

In this context, the design of a thixotropic mixture that can be extruded easily main-
taining its original shape is a typical issue in 3D printing of earth materials. Perrot et al.
[10] prepared an earth-mixture containing alginate, composed of clay, kaolinite, quartz,
smectite and illite, with 45% of water. Silva et al. [11] employed 5% potato scratch gel
and 1% sisal fibres in combination with a well-graded soil, whereas Ferretti et al. [7]
used unaltered and shredded rice husk and lime as a stabilizer to produce 3D printed
earth blocks. To obtain a suitable viscosity, Gomaa et al. [12] recommended 23%-25%
of water content, with 2% of straw. In this context, this work summarizes the results of
a wide experimental campaign aimed to produce 3D printed earth-based constructions,
which whole results are available in [13]. That work, as a result, lead to printing real-
scale blocks characterized by high compressive strength (higher than 10 MPa) and very
good shrinkage (< 0.5%) and printability features, with reduced costs and environmental
impacts.

2 Experimental Program

2.1 Materials

In this experimental campaign, the following materials were used: locally available soil,
sand, rice husk, municipal solid waste incinerator bottom ash (MSWIBA), marble dust,
and water. As stabilizers, a cement CEM II/B-LL 32.5 R [14] and a natural hydraulic
lime NHL 5 [15] were also used for some mixes. The use of jute, coconut, sisal, and
goat hair was also investigated as replacement of straw in traditional cob. This choice
is justified by the fact that straw can clog the nozzle of the printer, being not suitable
for additive manufacturing [16], thus alternatives were explored. Table 1 summarizes
the main properties of the materials listed so far. The soil is a well-graded silty clay
composed by 68.24% of clay-silt, 28.8% of sand, and 2.96% of gravels [17, 18].

2.2 Mix Design

Two sets of earth-based mixtures were prepared: the former does not contain fibres,
while the latter is prepared with the natural fibres previously mentioned. Table 2 lists the
mixtures prepared for this experimental campaign. The mixtures were made following
the hereafter described procedure: after weighing and mixing all dried materials, the
water was added and mixed with the fresh mixture; after 90 seconds, rice husk and fibres
were added if required and mixed with the remaining parts.
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Table 1. Physical and mechanical properties of the materials used for the 3DP mixtures.

Soil
Atterberg limits (%) Liquid Limit (WL) 22

Plastic Limit (WP) 16

Plastic Index (PI) 6

Density (kg/m3) Loose bulk density 1038.75

Compacted bulk density 1324.75

Sand
Density (kg/m3) Air-dry density 2644

Apparent relative density 2470

SSD density 2530

Water absorption (%) 2.71

Rice husk
Density (kg/m3) Loose bulk density unaltered rice husk 95

Loose bulk density shredded rice husk 475

Marble dust
Density (kg/m3) Air-dry density 2300

Apparent relative density 2107

SSD density 2570

Water absorption (%) 4.5

Municipal Solid Waste Incinerator Bottom Ash (MSWIBA)
Density (kg/m3) Air-dry density 2667

Apparent relative density 2057

SSD density 2286

Water absorption (%) 11

Cement CEM II/B-LL 32.5 R

Compressive strength – 2 days ≥10 MPa

Compressive strength – 28 days ≥32.5 MPa

Lime NHL 5
Compressive strength – 28 days >5 MPa

Fibers
Average diameter

(mm)

Jute 1.0

Coconut 0.3

Sisal 0.5

Goat hair 0.2

Average length (mm) Jute 50

Coconut 15

Sisal 25

Goat hair 10

Aspect ratio (l/d) All 50


