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“Socialism collapsed because it did not allow prices to tell the economic truth.
Capitalismmay collapse because it does not allowprices to tell the ecological truth.”

LESTER R. BROWN



Abstract

In the near future, pressure on sustainability requirements in building structures will increase
further as governments around the world are forced to tackle climate change issues. The
construction industry is one of the most resource intensive and wasteful sectors in the world
and is estimated to keep growing at a fast pace due to growing populations. Earth building
materials and construction systems are perhaps one of the most attractive options available.
The advantages of raw earth are that it is considered to be widely available, recyclable, can be
sourced at low costs, can exhibit high strength and can provide an excellent indoor climate for
occupants. The interest in building with earth is experiencing a renaissance but advancements
in Earth Building Technology is currently at its infancy. Most improvement in earth buildings
has been related to fabrication methods, where current developments and opportunities in
additive manufacturing has potential to create a new form of earth architecture. From a me-
chanical perspective, earth materials are strong in compression and weak tension, making
compression-only structures like arches, vaults and domes especially interesting.

The purpose of this thesis is to determine how feasible it is to combine earth material with a
robotic sprayed earth fabrication method to build wall and arch structures. Emphasis has been
put in understanding the material for robotic fabrication. Therefore, an in-depth literature study
of earth materials and their properties was conducted to understand how they gain strength. In
AM, modelling the structural-up of a printed structure requires time-dependent material proper-
ties where early-age behaviour is especially critical. As a result, time-dependent compressive
strength and Young’s modulus of potential shotearth with and without cement stabilisation was
predicted. Equations from the material predictions were input into the design tool developed
by Witteveen+Bos to explore geometrical shapes, assess printing time and dimensions that
can be achieved.

The results of this work show that earth building materials is essentially impossible to pre-
dict without testing as soil composition has a big influence on mechanical strength. Prediction
of raw earth properties was based on understanding of soil consistencies and water content.
Prediction of cement stabilised earth properties was based on existing data from 3D extruded
and sprayed concrete experiments. 3D printed structures, extruded and sprayed, can be com-
pared to ancient masonry structures in their structural design and inspiration from these struc-
tures sees different layering techniques adopted tominimise formwork andmaximise structural
efficiency and strength. Through a geometrical non-linear FE analysis with the time-dependent
properties defined and varying robotic printing speeds between 1000 -6000 mm/min, a free
standing wall structure of one meter width can reach heights between 0.1 and 0.62 m. For the
overhanging structures, a barrel vault and a half dome, considering no formwork, an 8.5 -10.5
degrees arch or tilt can be achieved, compared to the vertical free wall. It is found that for lower
printing speeds, more structure can be printed before failure. For the half dome almost the
full geometry can be achieved. The unstabilised and cement stabilised upper bound material
models resulted in comparable geometric dimensions for all structures analysed. Results of
this study also compared the barrel vault and half dome using the roman (radial) and nubian
(inclined) layering techniques.
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1
Earth construction for future

sustainability of our built environment

1.1. Climate crisis, housing shortage and public health

In the last decades, the changing climate, deteriorating wildlife and growing populations have
put forth the need to rethink the way we consume materials. In many industries, research
and innovation is focused on creating a more sustainable and healthier life for everyone. The
construction industry is one of the largest, most resource and energy demanding in the world.
In Europe, the construction sector accounts for 10-11% of gross domestic product (GDP) and
28% employment, representing 25% of all European industrial production. The industry ac-
counts for 30% of global carbon emissions and 5% from the production of cement alone. The
use of cement is expected to grow from 2.5 billion tons in 2006 to 4.4 billion tons in 2050. In Eu-
rope, cement produces about 33% of all waste. Construction and demolition waste account
for 13-30% of all landfills worldwide, with demolition waste being twice that of construction
waste. The needs for buildings and other infrastructure will further increase the consumption
on non-renewable materials, and waste production [1], [2].

On a world scale, the construction industry will keep growing at a fast pace. The world bank
estimates that 21 million homes are required per year by 2030, as populations are projected
to increase, most notably in Africa. China will need 40 billion square meters of combined res-
idential and commercial floor space over the next 20 years, equivalent to adding on a New
York every 2 years [3]. Furthermore, the lack of more affordable housing and rising inequality
is threatening economic, social, and political systems. UN Habitat [4] has reported that ap-
proximately 860 million families in the world are living in slums and ”the net growth of slums
continue to outpace the improvements.”

Humans spend about 90% of their time indoors, either at work or at home. Indoor air quality
plays a significant role in the general state of health and well-being of occupants. Nowadays,
residential buildings contain a high amount of chemicals and heavy metals that contaminate
indoor air, causing many health-related issues from birth defects to cancer, irritation on skin,
throat or eyes to nausea and headaches. Much energy is also spent on mechanically reg-
ulating indoor temperature and humidity leading to high building energy consumption during
service life [1].
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1.2. Earth building and construction

The climate crisis, pressing housing shortage and demand for better indoor environments
have triggered a growing interest in alternative and more sustainable building materials and
construction methods. Raw earth is one of the most attractive options available as it is one of
the oldest and the most widely used building material in the world (not including stone, cement
or metals derived from ore). Building with earth is a traditional practice that has taken place all
over the world for thousands of years. Several different construction techniques exist, of which
earth masonry, rammed earth, cob and adobe are the most popular ways of building. Themost
suitable technique depends on the location and type of application. It is estimated that around
20-30% of the human population live in an earth-based dwelling today, the majority in less
developed countries. In the two most populous states, India and China, it is estimated that
around 80 million and 100 million people respectively live in an earthen dwelling. In France,
15% of rural buildings are made of rammed earth and the US is the leading consumer of adobe
(mud bricks) in the developed world [5].

The material is considered recyclable, inexhaustible (Fig. 1.1), harmless to humans, and when
properly used exhibits high strength, excellent hygrothermal properties, long service life and
low embodied energy at little cost. Earth building materials have the potential of cutting the
use of natural resources during construction, operation, and end-of-life by reducing unrecy-
clable demolition waste [2]. When designed properly, earth walls can function as a passive
thermal regulator, decreasing or eliminating the need for mechanical ventilators. This gives
an additional potential for further decreasing energy consumption in buildings. Furthermore,
earth buildings have a positive impact on the outdoors, contributing to the resilience of cities
against heat stress [6]. Table 1.1 lists the main advantages of building with earth.

Figure 1.1: Life cycle of raw earth materials (adapted from Ref [7])
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Table 1.1: Main advantages of building with earth (adapted from Ref [2])

Table 1.2: The main problems with cement and earth as a solution (adapted from Ref [3])

In countries, where the cost of cement is high, earth construction is a great opportunity to
create low-cost housing, jobs and strengthen local communities. Table 1.2 lists four main
reasons why cement is unable to satisfy the worlds housing needs and how earth may be
better suited in its place.

1.3. Why we are not building with earth?

Though it has many advantages, building with earth is rare and finding an earth building is
not easy, especially in the developed world, and increasingly so in the less developed world.
Despite the abundance and low cost, it is also the most ignored solution by governments,
developments banks and aid agencies. The reasons for this are mainly due to prejudice,
industrialisation and politics but also due to limited knowledge and research in this field. A list
of current technical limitations can be found in Table 1.3.
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Table 1.3: Main limitations of building with earth (adapted from Ref [2], [8])

Prejudice
Earth building materials are currently classified as ”alternative” or ”primitive”. It is often re-
garded as an inferior material compared to industrially produced materials (concrete, steel,
glass) due to the perception that industrial materials are better. The prejudice against earth
materials risks a region losing their earth building traditions and further depleting natural re-
sources to produce industrialised materials. Moreover the structural integrity of earth buildings
is often questioned due to the lack of knowledge in the building technology. This has been
furthered by the 2003 earthquake, which destroyed large parts of the historic city of Bam,
Iran, a UNESCO World Heritage site made entirely of earth. The city was home to the largest
mud brick structures in the world and the collapses caused widespread fear of earth buildings,
garnering a reputation for being dangerous [5].
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Industrialisation
Earth building is a largely specialised traditional practice, often studied through conservation
and therefore unchanged for thousands of years. Earth has not been subject to large-scale
industrialisation and standardisation, making it difficult to choose earth as building material.
The reason for this is also its local variability due to different geological and soil formations
making it hard to predict the behaviour of the material. Today, more practices and machines
are used to ”advance” the state of the material but building with earth remains unique and
expensive due to the need for specialists and manual labour [5].

Politics
The availability and abundance of earth building materials make the unit price of building with
it very low. Past experiences have shown that existing material production facilities for pro-
cessed materials feel threatened to go out of business as a ”free” material does not work in
a capitalist society. Furthermore, earth buildings often do not comply to building codes and
regulations as these often do not fully take advantage of its mechanical properties. In places
where earth is accepted and part of building codes such as the US and Australia, overbuilding
of foundations and dimensioning as a result of lack of knowledge of the material results in
higher building costs. Here, specially skilled labour and equipment keeps earth construction
out of reach for most common people except, perhaps, the wealthy [5].

1.4. Earth architecture from antiquity to the 21st century

”Earthen architecture is one of the most original and powerful expressions of our ability to
create a built environment with readily available resources.” Our history of building with earth
dates back thousands of years and examples can be found everywhere in the world in all
climates and cultures. The diversity show a wide spectrum of philosophies, social strata and
different traditions represented by this universal material. Today, earth buildings are found in
use by every economic and social class. Building typologies include a variety of structures
for living, working, worshiping and other forms of architecture not inhabited by humans e.g.
agricultural buildings, city walls, monuments, cultural landscapes and archaeological sites.

In the last decades, building with earth has experienced a renaissance and the number of
projects has increased substantially in developed countries due to the sustainable construc-
tion agenda, where earth buildings can play a big role. The availability and economic quality
of the material mean it bears great potential to contribute to poverty alleviation and sustain-
able development [5]. Examples of modern earth construction incl. the hospital of Feldkirch,
Austria, which has a 180m gallery with long sections of rammed earth walls (some places up
to 6m), Fig. 1.2. The main aim of using rammed earth was achieving stabilisation of the rela-
tive humidity without using conventional mechanical devices for a better indoor climate. The
Ricola Kräutercentrum in Switzerland, completed in 2014, designed by Herzog & de Meuron,
was built using prefabricated earth elements, which were manufactured using locally sourced
soils. The herb storage facility, with a solid rammed earth facade over 100 meters long and
around 11 meters high, is a prime example of a way of expressing the natural attributes of a
site through a sustainable construction method that utilises local materials with modern tech-
nology, Fig. 1.3.
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Figure 1.2: Hospital of Feldkirch, Austria [9] Figure 1.3: Ricola Kraütercentrum, Switzerland [10]

Figure 1.4: Arch of Ctesiphon, Iraq [11] Figure 1.5: Rwanda Cricket Stadium in Kigali [12]

Figure 1.6: Sharanam conference hall, India [13] Figure 1.7: Rammed earth arch in Lyon, France [14]

Figure 1.8: Prefabricated rammed earth pavilion
ETH, Zürich [15]

Figure 1.9: Tecla house by Mario Cuccinelli and
WASP [16]
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1.4.1. Earthen arches, vaults and domes
The most important mechanical property in earth construction is compressive strength. Com-
pression -only structures are interesting in this regard as they can utilise the material in the
most efficient ways to reach an optimal shape. Despite limitations in the material, sustainable
and dramatic structures and spaces can be produced. The first arch, vault and dome struc-
tures were constructed using earth masonry. The most impressive example from antiquity is
the earth masonry arch of Ctesiphon, located in modern-day Iraq. The arch was originally
part of a barrel vault that enclosed the Iwan-i-Khosran (throne room) built around 540 AD. The
vault was constructed using the methods of corbelling and nubian vaulting to avoid any sup-
port structure during construction. The surviving arch is approximately 35 m high at its crown,
25 m wide and 50 m long with a sectional thickness of 7 m at the base, progressively tapering
to 1 m at the crown, Fig. 1.4.

Modern examples of earth masonry arches, vaults and domes incl. the Mapungwe Interpreta-
tion center, South Africa, the Rwanda Cricket Stadium, Fig. 1.5 and the Sharanam conference
hall, India, Fig. 1.6. Other ways of building earthen arches, vaults and domes is with rammed
earth. An example can be found in Lyon, France, Fig. 1.7, where a 1000 m2 office building,
comprising of 14 earthen arches, was built using local materials. The building, designed by
Clément Vergély, is a low carbon footprint building, in a forest of concrete buildings, built in ac-
cordance with local traditions. Another example is the rammed earth vault, a research project
at ETH Zürich, Fig. 1.8. The pavilion demonstrates the utilisation of earth material in a load-
bearing vault structure using prefabricated elements. The Tecla house by Mario Cucinella
and WASP is the latest example of constructing a dome structure using earthen material and
robotic fabrication. The pioneering research and technology behind this project shows the
possibilities of a new architectural aesthetic using this ancient material with the technology
available today to create low-carbon housing, healthy living, with the most consideration to
the local environment.

1.5. Research in earth building materials and fabrication

Since the 90’s there has been an exponential increase in earth building research and technol-
ogy, Fig. 1.10. The field of science for ”Earth Building Technology” is currently at its infancy
as systematic earth building research has not been conducted for decades due to the fact
that earth has not been widely used. To learn and better understand these earth building pro-
cesses and techniques, scientific methods are being developed to rediscover the movement
in building with earth. Fig. 1.11 shows the different areas of sciences that are involved in earth
building construction. As of now, individual countries have started to systematically examine
the material on a larger scale and incorporate these results into their own national standards.
The most notable standards that exist today are found in New Zealand, Australia, USA, Ger-
many, France.

Most advancement in earth building has been in construction methods. The past few decades
have seen a rise in digital products and services. Additive manufacturing and 3D printing is
now one of themost researched constructionmethods, as the technology is set to revolutionise
the construction sector. New digital tools and processes promises better, faster and evenmore
optimal solutions. Significant sustainability benefits can be realised through the integration of
digital fabrication techniques with earth-based materials [17].
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Figure 1.10: Cumulative number of research and review articles discussing earthen construction techniques
recorded per year as indicated by Science Direct keyword searches (adapted from Ref [18])

Figure 1.11: Sciences involved in Earth Building Engineering (adapted from Ref [19])
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Earth is currently being researched everywhere around the world. Contemporary trends [20]
in research focus on:

Granularmaterials research Improvedmechanical resistance and understanding ofmicrostruc-
ture. Better quality control. Understanding rheology (flow of matter) which has developed
earth concrete. Research into natural dispersants, biopolymers and natural binders which
may make it possible to make green concrete or eco concrete. Research into waste products
and recycled aggregates for use in earth construction.

Fibre reinforcements Natural and synthetic fibres have been researched to improve tensile
properties. Natural fibres such as hemp hurds, shives has led to high performance. Other
research focus on elements that will increase absorption of water vapour that help regulate
environmental humidity.

Conservation Little written material exists on existing earth structures as much expertise on
the construction and the materials was transmitted orally. Much effort is also focused on
analysing existing earth buildings built using various techniques to better inform design stan-
dards [21].

Prefabricated elements Greatly advanced mainly thanks to Austrian entrepreneur Martin
Rauch, who has integrated it into building practice. This development has opened new hori-
zons for contemporary earth architecture. Prefabricated earth elements have been already
been demonstrated in different projects as mentioned earlier.

Digital fabrication and additive manufacturing 3D printing and use of robots that apply lay-
ers of earth mortar to quickly and precisely build walls has already been experimented with
and demonstrated. In 3D concrete printing, research is focused on building analysis tools to
assess the structural build-up of straight elements as well as overhangs. The advancement of
digital tools has also led to research in functionally graded materials that can further optimise
buildings for specific functions and applications. These can be easier realised with digital con-
struction methods.

As the demand for alternative or sustainable solutions and standardised products/ compo-
nents/ elements increases, the field of earth building technology will become more specialised
and developed to be considered in line with other conventional materials. On the other hand,
earth building may also remain a non-engineering technology as earth material has tradition-
ally been selected based on visual inspection, smell, feel and taste. The types of buildings
constructed were shaped by local cultures, where knowledge was passed down orally through
generations [5]. Earth as a building material is, unlike concrete and steel, not synthetically pro-
duced, but a natural and non-standardised material. The complexity of the material and the
unpredictable influence a local climate can have on its properties make it hard to fully stan-
dardise, quantify and predict all aspects of a building construction [19].

1.6. Future trends

In the near future, pressure on sustainability in buildings will increase further. Construction
systems with lower environmental impact over their life cycle and materials with low primary
energy consumption will become increasingly significant. Embodied energy of construction
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will be taken into account rigorously in regulations as countries increasingly set goals for re-
ducing CO2 emissions. In this context, earth construction systems and building materials are
especially favourable. This increasing awareness is also reflected by the increasing number
of earth building standards and research. The directions of development, with regards to sus-
tainability of earthen construction, will likely follow the following [7]

1. Development of architectural design able to build with natural construction soil (dug on-
site) with no admixtures. This will allow the use and reuse of earthen materials without
causing pollution.

2. Use of coatings to protect walls and other elements. Most coatings can provide acoustic
and thermal qualities, protection against moisture, while minimising the amount of high
embodied energymaterial used. Use of coatings will be increased by establishing design
guides to implement mortars with local or other suitable materials.

3. Use of low embodied energy stabilisers in elements or in coatings e.g. of vegetable
origins (fibres or biopolymers). These are interesting because they may increase the
durability or mechanical properties of earthen materials.

4. Faster and more customised construction of elements. The implementation of digital
fabrication technologies will offer many more potentials for sustainability, increased pro-
ductivity and faster construction, which will result in cost savings. More design freedom
and customisation will result in new architectural styles. Additive manufacturing meth-
ods have already played a part in the renewed interest of earth buildings and will play a
bigger role in the design and construction for future earth buildings [17].



2
Research scope

Given the advancements made thus far in automation and digital fabrication, plus the increas-
ing awareness and benefits of using earth building materials, a growing number of studies is
investigating the properties and feasibility of additive manufacturing earth and clay structures.
In the world of 3D printed concrete, much research has been performed on understanding the
fresh and hardened properties of the material in an extrusion process. The advancement of
material property understanding has led to the development of numerical methods to model
the fabrication process and layer-on-layer behaviour of 3D printed structures. Furthermore,
the material knowledge and numerical methods have been utilised in the design of overhangs
and 3D printing of funicular shapes, drawing inspiration from ancient structures, and returning
to the principles of unreinforced masonry to analyse them.

The purpose of this thesis is to look into the possibility of designing and fabricating a wall
and an earthen arch /vault or some form of overhang structure combined with a new robotic
shotearth technology. The main focus will be on the material influence in the fabrication of
such a structure and the aim is to showcase some possible geometries and their structural
performances that this material can bring. In order to achieve this, considerations will be
given to early-age earth material requirements and influences from processing aspects, such
as printing time and layering techniques, as these will impact the fabrication feasibility and
resulting structural performance. As there is currently no academic research combining the
use of earth materials, spraying it through a robot to fabricate a funicular load bearing structure,
and a limited opportunity for testing due to the novelty of the method, much of the work in this
thesis will borrow concepts from related disciplines and extended to the case of shotearth. As a
result, the work presented will be based on assumptions from existing literature and evaluated
using existing tools and theories.

Main question
What is the fabrication feasibility of robotically fabricated shotearth structures?

Sub questions
1. What are the properties of earth building materials and 3D printed cementitious materials

and how can this be used to predict shotearth material behaviour?
2. What are the design techniques of existing earthen wall and arch structures and how

can these be applied to the design of shotearth wall and arch structures?
3. What are the possible fabrication times and dimensions of shotearth structures?
4. What are the design considerations required for real construction?

11
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Methodology
The methodology follows the general scientific approach in engineering. This is to first iden-
tify the gaps in the knowledge through a literature review on earth building materials, additive
manufacturing in extruded concrete, shotcrete and lastly additive manufacturing using earth
and clay materials. From this the main material properties required and the tool defined by
Witteveen +Bos for the modelling of printed structures were identified. The second step looks
into methods on how to predict material strength development. This followed mainly two meth-
ods, one using the general principles gathered for earth building materials and soil mechan-
ics, the other using principles from concrete technology, where especially normal concrete
standards such as Eurocode, American Concrete Institute (ACI), CEB-FIP as well as various
time-dependent mathematical equations related to shotcrete for tunnel construction were iden-
tified. These models were plotted against existing research data from literature for comparison
and to assess their adequacy. The third step uses the defined material model results in the
simulation tool to determine the fabrication feasibility of different structural geometries. A wall
structure with varying printing speed was first assessed, then two types of arch structures with
different layering techniques were assessed.

Figure 2.1: Methodology of work
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To answer the subquestions, the work has been divided into five objectives, each with their
own set of goals.

1. State of the art of earth building material research.

(a) Understand soil, earth materials and compositions.
(b) Understand the construction techniques and technological advances in fabrication.
(c) Understand the mechanical and other properties that have influence on structural

design.

2. Overview of 3D printing of cementitious materials, 3D printing of earth materials and
shotcrete 3D printing.

(a) Understand thematerial requirements and processing influences that affect strength
and stability of 3D printed/sprayed structures.

(b) Assessing how to extend these parameters to shotearth fabricated structures.

3. Obtain material models for shotearth based on objectives (1) and (2)

(a) How to assume/obtain relations of early strength and stiffness gain of earth materi-
als (concrete models, shotcrete models, unsaturated soil mechanics models, data
from existing research).

(b) Set requirements for upper and lower bound limits of shotearth based on under-
standing of earth materials and 3D printing.

4. Design a shotearth wall structure and arched/vaulted structures and assess the stability
during printing using the material models obtained in objective (3).

(a) Existing design principles for earth and printed structures
(b) Evaluate the height and fabrication time of the wall structure obtained with the ma-

terial models.
(c) Evaluate the height and fabrication time of an arch structure obtained with the ma-

terial models.

5. Discussion and conclusions of work, potentials for the future and recommendations for
further work.

(a) Final outcomes and results of work
(b) Limitations of methodology



3
Historic overview

This chapter aims to understand the history and development of earthen architecture and its
importance today. It also aims to look into lessons learnt and challenges from predecessors
and what to keep in mind for the context of modern earth construction. This chapter is an
additional chapter which does not serve the main story line of this thesis and can thus be
skipped but will provide an extra insight to earthen architecture for those interested.

Beginnings
Traditionally, buildings were built using locally available materials only. There is no consensus
about when humans began constructing with earth. However, it is believed that earthen archi-
tecture developed independently around the globe when humans transitioned from nomadic
lifestyles to sedentary settlements around 11 000 BCE. In Mesopotamia, on the plains of Tigris
and Euphrates (modern day Iraq and Syria). In Egypt, along the Nile, from Nubia to the Delta.
In Pakistan, by the banks of the Indus and the Hakra. In China, on the plateaus overlooking
the Yellow River. In Peru, on the desert coastline of the Pacific Ocean fed by watercourses
flowing down from the Andes. In Central and North America along the banks of Mississippi.
Throughout Africa both north and south of Sahara [20]. Depending on the prevailing climate,
vegetation and geological conditions of a region, different building styles and construction
methods were developed [22]. In hot and dry climates without major sources of wood, ancient
civilisations in the Middle East, Central Asia, Central and South America and Africa built mas-
sive constructions using load-bearing earthen walls, often also incorporating building physics
considerations, Fig. 3.2. In temperate, transitional climates or mountainous regions with abun-
dant sources of wood, framed construction with wood as a load bearing skeleton and earth
combined with stone infill is more commonly found [19]. Over time and with exchanging knowl-
edge, these structures were developed to take greater loads. Countless archaeological sites
around the world, Fig. 3.1, many of which have been declared UNESCOWorld Heritage sites,
are testament to the use of earth in walls, floors, furnishings and roofs. The quality of construc-
tion on these sites, display a remarkable degree of expertise in the choice of earth materials,
technique and workmanship [20].

One of the oldest permanent earthen settlements known is found in present-day’s Turkey and
Palestine. The 8000 year old structures of Catal Höyük, Anatolia, consists of load-bearing
exterior walls of earth blocks with interior wooden supports carrying the roof (Fig. 3.3. The
roofs were flat, made of poles and grasses or reed and a layer of earth for protection against
rainwater. The houses were entered via the roof and the structures are grouped together like

14
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Figure 3.1: Presence of earth architecture with black dots indicating UNESCO world heritage sites [23]

honeycombs touching each other [19], [20]. Furthermore, the region is also home to the old-
est known written rules for building, which dates back to the Babylonian ruler of Hammurabi
(around 1800 BCE) [24].

The invention of raw earth bricks in Mesopotamia marked a major advance in the evolution of
building practices. Originally, modelled by hand, then shaped in wooden moulds, raw earth
bricks were used in domestic architecture from the 4th millennium BCE. They were used to
construct large structures such as temples and palaces such as the White Temple of Uruk,
Fig. 3.4, and Temple of Oval of Khafajah in the Tigris valley. It is hypothesized that the origins
of arches, vaults and domes started in this area (Mesopotamia, Syria, Egypt, Afghanistan).
Assyrian kings built palaces of staggering dimensions in Mesopotamia using raw earth bricks.
An example of this is the capital of King Sargon II, Dur-Sharrukin (Khorsabad), which took 6
years to build (713-707 BCE). Standing 12 m high on a platform of earth and contained within
7 gated walls. It contains a citadel, an arsenal, a throne room, royal apartments, princely resi-
dences, a ziggurat, and a temple dedicated to Nabu (god of wisdom and writing), Fig. 3.5.

In Eqypt, earthen architecture also dates back thousands of years. The annual floods of the
Nile river brought fertile mud which dried in the sun and became solid. When the mud got wet,
it became malleable again. This fundamental knowledge formed the basis of the production
of sun-dried mud blocks which could be made stronger by adding sand or plant fibres and
improved even further through firing. The use of fibers to enhance mechanical properties of
materials can be traced back to the ancient Egyptian civilisation. Straw and hair were often
incorporated for the fabrication of mud bricks. Later, this technique was used for load bearing
walls in houses [25]. The town of Shibam, Yemen, also known as Manhatten of the desert, is
dense cluster of tower like structures in the middle of the desert. The town is one of the best
examples of urban planning with a vertical masterplan. The mud brick towers create shade for
its inhabitants and the rectangular grid plan of the city can operate as wind tunnels, resulting
in a liveable desert town, Fig 3.6.
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Figure 3.2: Bagdir or windcatcher, a traditional
persian architectural element to create natural

ventilation [26]

Figure 3.3: The oldest known earthen settlement in
Catal Höyük, Anatolia (Turkey and Palestine)

(reconstruction) [27]

Figure 3.4: Present day White Temple of Uruk, one
of the earliest examples of raw earth brick

construction [28]

Figure 3.5: Dur-Sharrukin, capital of King Sargon II,
713-707 BCE (present day Iraq). The city was built

using raw earth bricks (reconstruction) [29]

Figure 3.6: Shibam, Yemen, one of earliest
examples of vertical master planning [30]

Figure 3.7: Alhambra fortress in Spain built with
rammed earth in 889 CE [31]

It is believed that rammed earth was first invented in Tunisia around 814 BCE. The most no-
table examples with rammed earth is the Alhambra fortress in Spain built around 889 CE, Fig.
3.7. The Great Wall of China, whose construction began about 3000 years ago, has exten-
sive sections built using rammed earth dating back to the Qin dynasty (around 2200 years
ago). The 21 000 km long structure, which took 2000 years to build, used materials including
wood, stone, earth and vegetal material for reinforcement, Fig. 3.8. The tulou houses in Fu-
jian, China are large enclosed fortified buildings consisting of thick load bearing rammed earth
walls between three to five stories high. Located in the mountains, the buildings, constructed
between the 15th and 20th century, are an outstanding of example a particular type of com-
munal living and defense organization, Fig. 3.9.
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Figure 3.8: Section of the Great Wall of China built
using rammed earth [32]

Figure 3.9: Tulou houses in Fujian, China built with
rammed earth [33]

Figure 3.10: Pueblo style houses in Santa Fe, New
Mexico, using adobe bricks [34]

Figure 3.11: Icelandic turf houses. Turf is a great
insulation material for cold climates [35]

Going to the Americas, in Pre-Columbian Peru, people were also familiar with different earth
building techniques. The earliest sacred buildings were erected in the 2nd millennium BCE,
in the form of stepped pyramids. It is estimated that 130 million sun-dried adobe blocks were
used to build the Huaca del Sol pyramid of Moche (200-500 CE). InMexico, the Aztecs founded
the city of Tenochtitlan on an island in Lake Texcoco in 1325 or 1369. In 1529, the Spanish
conquistadors triggered its downfall but recorded the discovery of a splendid, gleaming white
earthen city with a population of almost half a million spread over 1000 hectares. In North
America, examples of earthen architecture are found especially in Santa Fe, New Mexico with
Pueblo Indian settlements made of adobe bricks, Fig 3.10 [20].

In Europe, oldest Neolithic settlements are found in Bulgaria and Romania. Earth building
in Europe have historically come about due to shortage of other building materials and often
in times of crisis. A shortage of wood in central Europe in the 1500s became the driving
force behind developing more earth buildings. The ’Saxon Forestry Regulations’ of 1560, in
Germany, stipulated that a building’s ground floor be constructed out of stone or earth, to
reduce the use of construction timber. A six story residential building from 1830 in Weilburg
an der Lahn, still in use today, is considered Germany’s tallest rammed earth building. After
WWI, chief architect Adolf Loos, from the Vienna settlement office, designed low-cost rammed
earth housing due to the scarcity of materials. As did Edwin Lutyens, British architect, who
made designs in earth as a response to the housing shortage. During WWII, German architect
Albert Speer, was interested in building with earth, but more as a means to drive the war by
conserving ”steel and concrete for the construction of weapons and bunkers.” [5], [19]. In
Norway and Iceland, turf (sod) is a traditional architectural feature. Here grass roofed or turf
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houses are found which consist of flat stone foundations with a timber frame filled with one
of two layers of turf acting as walls and roof. The turf consist of top soil, unlike other earth
construction which consist of subsoil, and is a great insulation for harsh climates, Fig. 3.11.

Pioneers: Francois Cointeraux and Hasan Fathy
Many architects throughout time have had an interest in earth building. The Roman architect
Vitruvius’ idea that all buildings should reflect the three attributes: firmitas, utilitas, and venus-
tas -durability, usefulness and beauty, is inherently reflected in earth architecture. Chapter
two of his book De Arquitectura describes the use of mud bricks. Perhaps the biggest pioneer
and promoter of earth architecture is French architect, Francoix Cointeraux (1740-1830), who
is considered the father of modern earthen architecture. At a time when most houses in the
European countryside were constructed using flammable timber frame and wattle and daub,
Cointeraux used rammed earth as an inexpensive fireproof construction method. He devoted
his life to study and promote rammed earth hoping that it could contribute to improving life in
France which had suffered several wars and believed that rammed earth could be a means to
the common man to improve the quality of their own life. Cointeraux developed a typology of
earth architecture that encompasses a range of housing for the poor and the wealthy in both
urban and rural settings. His projects incl. four-storey town houses, country mansions, pub-
lic buildings, churches and factories. During a rammed earth project in Amiens, Cointereaux
was chased out of the city, due to the threat of livelihood that timber and stone merchants and
various craftsmen perceived his buildings were. Despite these kinds of setbacks, Cointeraux
founded the school of rural architecture in Paris in 1788. He published 50 works on his knowl-
edge of pisé which was translated into 8 languages, which spread across Europe to the USA.
He developed a number of stabilisation methods that enabled rammed earth to meet greater
creative demands of other architects [5].
.
Other well known architects who experimented with earth in the 19th and 20th centuries in-
clude Antoni Gaudi, who drew from rammed earth traditions in Spain and constructed several
projects. Luis Barragán, Mexican architect, also utilised adobe (mud bricks) in his designs.
Rudolph Schindler working under Frank Lloyd Wright, was inspired by earth building practices
in the American Southwest. He supervised the Ennis-Brown House, which utilised soil ex-
cavated from site mixed with cement, Fig. 3.12. This is also in line with Wright’s belief that
”no house should ever be on a hill or on anything. It should be of the hill. Belonging to it.”
Wright himself also designed a number of earth buildings using rammed earth and mud brick
across the US. Le Corbusier, the most influential architect of the modern movement, began de-
veloping architectural solutions using earth for refugee immigration after WWII. His book Les
Constructions Murondins (1942) outlines methods and techniques for making and construct-
ing with rammed earth and compressed earth block for a wide range of residential, agricultural
and civic applications [5].

Around the same time, Hasan Fathy, Eqyptian architect, worked on reviving and enhancing
the vernacular architecture of Eqypt. He adopted the Nubian art of mud brick dome, wall and
vault construction, which made it possible for an entire building to be made of earth. He utilised
principles of thermodynamics inherent to earth construction to create passive cooling systems
at residential and urban scales. However, Fathy experienced several setbacks in his support
of earth architecture. A construction project in New Mexico ran over budget due to the local
authorities demanding he use formwork in constructing his vaults despite thousands of years
of tradition and establishment of formless techniques. Although mud brick had been used in
New Mexico, his designs had to comply with strict building codes in the US, which required
elaborate foundations and cement plaster skin. Despite these setbacks, Fathy inspired many
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Figure 3.12: Ennis Brown House by Frank Lloyd
Wright 1924 [36]

Figure 3.13: New Baris village in Egypt by Hasan
Fathy [37]

people through his works. He is perhaps, ”the earlist, clearest example of a sustainability-
oriented architect that we can find. Every sustainable principle, Fathy wrote about, thought
about, built and gave us living examples of.” [5]. Fig. 3.13 shows one of his most iconic
projects in New Baris, Egypt.

Predecessor for modern construction materials
It has been suggested that the use modern materials: glass, steel, concrete was directly in-
fluenced by earthen construction techniques. The origins of modern concrete can be directly
linked to advancements made in pisé (rammed earth) in France. These included developing
efficient formwork, experimenting with aggregate sizes and adding cement stabiliser, which
were some of the first steps toward the development of modern béton (concrete) [5]. Tech-
nical innovations in firing systems and mechanical engineering in the 19th century led to fun-
damental changes in the construction industry: large-scale mining of hard and soft coal for
modern furnaces and kilns made the transition to gas and oil firing, which led to the indus-
trialisation of brick production. The transition from wood to coal firing also helped develop
the cement industry and with it the rise of concrete and reinforced concrete. The goal was
to increase strength in building materials and decrease the dimensions of them. This is well
accomplished through the combination of steel and concrete. Earth building could not adapt
to this development due to their limited strength and their low water resistance. Thus earth
buildings became increasingly marginalised and lost its significance [19].

What can be learnt?
The archaeological heritage of earth architecture demonstrates that earth as a building mate-
rial has historically enabled societies to expand and prosper, simply by taking advantage of
this local zero-carbon material. They demonstrate that already in ancient times, the criteria
of using local and recycled materials, integration of built space into environment, ecological
design, passive heating, and so on, were met. However, the promotion of earth construction in
modern times have thus far shown to be tough to implement. Both Cointeraux and especially
Fathy experienced setbacks in their promotion of earth buildings. The setbacks they faced,
among which are mainly the questions of manufactured material vs. free abundant material
and building regulations vs. tradition, are still relevant today. Being aware of this, lessons
learnt from the supporters of earth construction along with our archaeological heritage can
help us develop new forms of earth architecture and building technology that is in harmony
within its surroundings and attuned to today’s challenges [20].



4
Overview of Advances in current

Earth Building Technology

This chapter aims to give an overview of current earth building technology, knowledge and
research. It aims to understand earth materials and the influence of physical, mechanical,
hygrothermal properties and durability on the behaviour of earth constructions and their con-
struction techniques. Lastly, the chapter aims to highlight the lack of knowledge and ongoing
research in determining different earth properties.

4.1. Earth building materials

4.1.1. Definitions
Earth, as a construction material, by definition is a mixture of clay, silt, sand and sometimes
gravel with or without other additives. The terms‘earth’,‘raw earth’or ’unstabilised earth’
refer to natural subsoil, which does not contain organic matter, unlike topsoil, although it can
sometimes be found, see Figure. 4.1. Depending on the methods of soil formation, a soil has
distinct properties, different particle sizes and/or mineral structures, which lead to different
uses and suitability for certain applications. Soils with high organic content or high shrinking
and swelling properties are generally undesirable in earth construction applications. The term
’stabilised earth’ is a soil with modifications, natural or chemical, usually to increase strength
or durability. Table 4.1 defines general terminology when describing the material.

Table 4.1: Definitions on soil, earth, and earth building materials (adapted from Ref [7])

20
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Petrographic maps can be used on site to make general statements about a soil’s suitability
for its intended use and, if necessary, about possible modifications. Parameters for selecting
soils suitable for earth building purposes are [7]:

• Granular composition
• Plasticity and cohesion caused by the amount of clay
• Shrinkage which can be derived by the parameters above

4.1.2. Classification of soils for earth building

Figure 4.1: Soil layers. Subsoil is usually used for earth
building purposes.

Soil is classified by particle sizes ranging
from gravel to clay size. It is constantly
changing due to any number of chemical, bio-
logical, and physical processes, including cli-
matic weathering. The complexity in the com-
position of soils and local variation of these
around the world means no single classifica-
tion scheme exists. Classification of earth
materials in construction on a worldwide ba-
sis does not exist and is a challenge.

Classification systems
Numerous different geological rock -and soil
classification schemes are available. Many
of which have evolved over decades to meet
specific local needs. Also depending on
which field of science; soil science, geology,
sedimentology, soil mechanics, geotechnical
engineering or other, the classification of soils by particle size differs [7], [22]. Fig. 4.2 shows
the classification of soils following a few different classification systems.

The naming of soils also differ according to science. In traditional soil mechanics, if the clay
content is less than 15% by weight, the soil is termed a lean clayey soil. If it is more than 30%
by weight, it is termed a rich clayey soil. Components that form less than 5% of the total by
weight are not mentioned when naming the soils. In earth building engineering, the method of
naming soils is less accurate, e.g., a loam with 14% clay which would be called lean clayey in
soil mechanics, would be considered a rich clayey soil [7].

A proposed universal classification scheme for earth construction will need to consider the
source of the stone or rock (igneous, metamorphic, sedimentary), weathering products (soils
or regolith. The latter comprise of clays, muds, silts, sands, gravels or unconsolidatedmixtures
of several of these components), and will need to be flexible to evolve over time as new studies
and interpretations are made . Use of organic materials as binders would need to be evaluated
separately [22].

Particle size distribution
Particle size distribution (PSD) curves determine the relative proportions of different grain sizes
in a soil. The size of soil particles is most commonly determined by sieve analysis but laser
diffraction analysis is commonly used for particle sizes ranging from 0.02 to 2000 µm. For
earth construction, it is generally recommended to obtain a uniform PSD curve of a soil which
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Figure 4.2: Soil classification systems by different standards (adapted from Ref [38])

includes both fine and coarse particles for better mechanical behaviour. Wu et al. [39] demon-
strated the significance of soil grading. Four earth materials, with a coarse sandy-gravelly
fraction between 60 and 45 % and a fine clayey-silty fraction between 40 and 55%, were
lightly compacted at the same water content and then subjected to unconfined compression.
Strength and stiffness grew as the fine fraction increased from 40-50% but reduced as the
fraction increased further from 50-55%.

Two recommended guides for the classification of granular composition and plasticity of earth
buildingmaterials are that of Houben &Guillaud [40] and the German Lehmbau Regeln (2009).
Fig. 4.3 shows the recommended approximate limits for the particle size distribution and plas-
ticity by Houben & Guillaud. According to this guide, percentage of soil fractions suitable for
unstabilised rammed earth (URE) walls is between 20-35% fine-grained particles (clay and silt
combined) and 45-75% sand. Permitted tolerances may vary considerably.

The German Lehmbau Regeln recommends limits for plasticity and binding (suction) force
between soil particles. However, there is currently no correlation between these, therefore,
further research is required. For industrially produced earth building materials, no limits for
granular composition and plasticity are specified. The German Technical Recommendation
(DVL TM05) defines controls for soil quality for industrially produced earth building materials
which include composition, plasticity and soluble salt content.

Other guides include the BS1377 standard and the US National Bureau of Standards, which
also define an admissible range of particle grading for earth applications. However, some re-
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Figure 4.3: PSD envelope found by Houben & Guillaud and PSD envelopes used by other authors in research
(adapted from Ref [41])

Figure 4.4: Recommended upper and lower proportions of clay, silt, sand/gravel in earth building materials
according to a) Houben & Guillaud, b) Norton, c) SAZS 724, d) Schrader, e) McHenry, f) Radanovic

(adapted from Ref [2])

search merely describes that the clay content should be sufficiently high to ensure acceptable
levels of stiffness and strength while the expansive fraction should remain below 50 % of the
total clay content to avoid cracking. Fig. 4.4 shows recommendations for the range in per-
centage of particle sizes for earth building according to different authors (see also Appendix
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B.1). Traditional earth building took soil directly from site with little thought to its composition
precision. Soils were selected based on location, visual inspection, smell, feel and taste [5].
Analysis of existing buildings also indicate that PSD curves cannot be used as the only param-
eter to discriminate between earth materials. Studies by these authors [42]–[44] have shown
that PSD should not be a discriminating parameter when selecting the suitability of a soil for
rammed earth construction. For buildings based solely on granular properties, no objective
rule currently exists to assess the suitability of materials [45].

Plasticity and cohesion
Plasticity of soil is its ability to undergo deformation without cracking or fracturing. Cohesion
is the shear strength that binds together soil particles. Sands and gravels are coarse-grained
soils. These soils are cohesionless exhibiting zero plasticity. Silts and clays are fine-grained
soils. These are cohesive soils with plasticity. This means a lump of soil can have its shape
changed or remoulded without the soil changing volume or breaking up. This depends on the
amount and mineralogy of the fines and the moisture content. The properties of silt, sand and
gravel are totally different from clay. Clays are especially important in earth construction as
they bind the other soil particles together, Fig. 4.5.

Clay: Clays have large surface areas, which lead to high intermolecular forces on the surface
and edges to attract bipolar water molecules. This property lends soils the plasticity and cohe-
sion when wet and give the material strength and stability when dry. After renewed wetting,
it regains plasticity and this mechanism can be repeated an infinite number of times, giving
earth as a building material, and clay, its special ecological quality.

Plasticity of clay is influenced by its particle size, particle geometry, chemical composition and
water content. Clay particles consist of clay minerals and a clay can incorporate one or more
clay minerals. There are 15 types of clay minerals, each with different characteristics and
influence on compressive strength. Hygrothermal behaviour is also influenced by the type of
clay minerals and the amount of water present. Clay minerals can broadly be catergorised by:

• ”Two-layer”clay, e.g. kaolinite, are characterised by relatively low specific surface (about
10 m2/g), which result in limited swelling/shrinkage characteristics upon wetting/drying.
They also result in a weak bonding of the coarse grain soil fraction.

• ”Three-layer”clay are characterised by high specific surface (up to 1000 m2/g) and are
strong binders of the coarse fraction. They are able to generate higher suctions at the
same moisture content compared to“two-layer”clays. These clays can be divided into:

1. non-swelling clays: e.g., micas and illite
2. swelling clays: e.g., smectite, montmorillonite

Activity: Not only is the amount of clay and type of clay mineral important to describe the
behaviour of earthen materials but also the activity of clay. Activity is the ratio of the plasticity
index of a soil to the percentage of clay fraction in that soil, and can be described as a mea-
sure of the water holding capacity of clayey soils, Skemption (1953). Four groups of activity
is defined, ranging from inactive to highly active [38].

High activity means high water adsorption which leads to high volume change. Soils contain-
ing kaolinite adsorb less amount of water and therefore have a very low range of plasticity and
low value of activity. Soils containing montmorillonite attract a huge amount of water even in
a very small quantity. They have a high range of plasticity and high value of activity.
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Figure 4.5: Composition of subsoil and clay minerals

It is important to assess clay properties on excavation sites for optimising applications. E.g.
two-layer clays are best suited for surface coatings due to limited swelling/shrinkage proper-
ties which reduces cracks. Three-layer, non-swelling, clays are most appropriate for structural
applications like load-bearing walls because of their powerful binding properties. If locally
available clays are not suitable for an envisaged application, fibres can be added to enhance
intergranular bonding and/or reduce swelling/shrinkage properties of a mix [2]. To better under-
stand plasticity and cohesion, Atterberg limits are useful in identifying the type of clay mineral
present using the plasticity index and liquid limit. See section 4.3.2 Water content in soils.

4.1.3. Materials for modern earth building
Earth building materials, also termed construction soils, suitable for earth building applications
are extracted from natural deposits or from recycling/waste products.

Natural construction soils
A natural construction soil suitable for specific applications without much modification is often
referred to as unstabilised earth or loam. It is a mixture of clay, silt, sand and sometimes
larger aggregates like gravel or stone. It is not a standard building material, as the percentage
amounts of its different constituents may differ according to site. Strength is achieved through
adding water and compaction [7]. The German DIN standards defines different loam mixtures
and their suitability for different earth applications:

• Loess and loess soil: suitable for plasters and light clay application
• Glacial marl and glacial soil (till): suitable for rammed earth
• Eluvial soil: suitable for rammed earth
• Fluvial and slope wash soils: suitable for light clay applications with organic fibres and
light weight mineral aggregates and earth block.

• Tropical residual soils: clay rich and commonly used for various applications
• Desert and semidesert soils: has to be modified with other particle sizes or stabilisers

Natural additives: Loam can contain natural additives which can influence properties such
as plasticity and strength. Most commonly found natural additives are:
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• Lime content. The most common natural addition in loam. The presence of lime in a soil
limits the activities of the clay minerals. This leads to a decrease in the water absorption
capacity and plasticity of the soil.

• Water-soluble salts. These can occur naturally in soils, particularly sulphates (gypsum),
chlorides, and sodium and calcium nitrates. Moisture moves these salts through the
building element where they crystallize on the surface when water evaporates. Crystalli-
sation causes a softening of the structure of element surfaces which leads to different
types of damages. Few standards define permissible levels of soluble salts (see Ap-
pendix B.3). The DIN standard specify that the total percentage of damaging salts should
not exceed 0.12 mass in % [19], while other regulations specify permissible contents to
be in the range of 1-2 mass in %. The permissible levels differ considerably.

• Organic matter. This consists of living soil organisms, dead plant and animal material
and soil-specific conversion products (humic matter, ”humus”). Organic matter increases
the water absorption capability and plasticity of soils considerably and reduces dry com-
pressive strength.

Generally, lime and organic matter is undesirable in earth applications. However, it has been
proven that a certain amount of lime forms a stable limematrix between the coarser grains after
drying, which can improve the strength properties of earth building structures. An example of
this is the lime rich soil from the Wadi Hadramaut, Yemen. This soil can reach higher degrees
of compressive strength at comparatively low dry bulk densities. More than 8 N/mm2(Shibam)
have been measured in specific cubes with an edge length of 8 cm [46]. Lime rich soils have
also been used for earth building purposes in southern England [47]. Organogenic and organic
soils in the form of cut sod (turf) were traditionally used in Scandinavia, Great Britain, Ireland
for the construction of houses. The sod was stacked like masonry units into one-storey load-
bearing wall structures. These houses became increasingly stronger as the sod dried [48].
Examples are the turf houses in Iceland.

Processed construction soils
These construction soils are extracted from natural deposits then dried, ground and sold in
the form of granulate or powders for further processing into earth building materials. Dry soil
is used for producing plaster mixes or paints and primers for wood elements. Powdered clay
is used to increase the plasticity of construction soils. Powdered clay modified with sand or
fibres can be used to produce clay panels [19].

Construction soils from recycling and waste
New materials are constantly being developed and researched, making the number of alterna-
tive materials that might be used in earth construction infinite. More and more earth construc-
tion soils are being obtained by reusing materials from life-expired or redundant constructions.
Some of these materials have binding properties to act as a replacement for stabilisation, other
the potential to provide hygrothermal effects. The source of these materials mainly come from
demolished buildings and elements. Other waste materials are compressed soil, which is a
waste product formed during the gravel washing process in gravel pits and mainly contains
the finest grains of clay and silt which cannot be used as aggregates by the concrete industry.
Generic materials also used in concrete research such as slags, ashes and recycled aggre-
gates can also be found in earth building material research.

4.1.4. Stabilisation
It is rare for a natural soil to be perfectly suitable for earth construction without modification.
Houben & Guillaud [40] classified three approaches for stabilisation which can be classified
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as physical, mechanical, or binding. The three forms refer to various techniques of controlled
modification of soil texture to enhance the physical and/or mechanical properties of a soil for
a specific application. Practically all earth construction materials are stabilised in some form,
however, the term is commonly applied only to the application of inorganic/ chemical binders.
Physical and mechanical stabilisation are already implicit in most modern earth building appli-
cations and part of the criteria for material selection for e.g rammed earth.

Physical
Physical stabilisation is themodification of thematerial’s physical properties (texture). Through
the addition/subtraction of different soil fractions and fibers, a uniform soil particle size distri-
bution and plasticity can be achieved [8]. Described in section 4.1.2.

Mechanical
Mechanical stabilisation is the modification of soil porosity and interparticle friction by com-
paction. Compaction of the material results in changes in density, mechanical strength, com-
pressibility and permeability [8], see section 4.3.3.

Chemical binder
The addition of inorganic or chemical binders and additives is general practice in earth con-
struction. The use of stabilizing materials helps achieve particle cohesion, desired moisture
content, increase strength and help in the waterproofing (durability) of soils [49]. Table. 4.2
shows themost common stabilisation methods of which cement is the most widely used. Other
less traditional options incl. liquid polymers, acids, silicates, lignin derivatives, resins, ions,
and enzymes. It is uncommon to use admixtures such as plasticisers, set accelerators and
retarders for earth. Under special circumstances they can help achieve certain desired prop-
erties. At the moment, the effects of these is unclear. The easiest soils to stabilise are coarse
grained soils with little or no cohesion. Clayey and silty soils are more difficult to stabilise
because they are very sensitive to even the smallest variation in levels of moisture [50]. The
Australian Earth Building Handbook HB195 [51] gives a general approach to stabilisation. Non-
hydraulic lime should be used to stabilise cohesive soils, cement and bituminous stabilisers
should be used for non-plastic and granular soils, Fig. 4.6. Stabilisation should be performed
depending on the specific need and should be avoided if possible. There are no rules or
consensus on when earth should be stabilised.

Natural binder
Due to the environmental impact of cement and other chemical stabilisers, recent research
has focused on the use of natural binders to improve strength and durability. These focus
on the use of organic materials from plants or animals. Biopolymers, like clay, ensures cohe-
sion. They are mainly used in plasters (indoor) and render mixtures (outdoor) using animals’
excrement, natural extracts from plants, protein from animals’ milk or blood. Oils and fats
were traditionally used as an external surface layer for render or flooring impermeabilisation.
Their hydrophobic properties improve the resistance against water and act as a waterproof-
ing agent. Different fibres used in different earth materials show various benefits, often at
a concentration at 1% of the soil. These include increased durability, compressive strength,
tensile strength, shear strength, water absorption, thermal properties, reduced shrinkage and
formation of cracks, reduced dead weight due to the lighter weight block [53]. Many different
types of fibres, both natural and synthetic, are suitable for soil stabilisation. Environmental
concerns have also led to increased interest in ’alternative’ fibres, which incl. solid waste and
by-product materials. By using alternative fibres, the cost of getting rid of this waste is reduced
or eliminated. Compared to traditional reinforcement, fibres are both energy and economically
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efficient. An overview of different additives and fibres used in current earth building research
can be found in Appendix A.

Discussion on stabilisation
Due to the ongoing debate on climate change and especially impact from the construction
industry, there are many advantages and disadvantages to chemical stabilisation. In certain
construction techniques, such as CEB and rammed earth, ”correcting” the soil composition
or adding a small fraction of stabiliser is common practice. The act of stabilisation is a very
old practice, especially with earth plasters and stuccoes, where tree resins, natural bitumen,
arabic gum and various animal products have been used by vernacular builders from around
the world. Moreover, soil stabilisation is a widespread technology in road construction. An
estimated 5 % of global cement production is used here [54]. The question of whether or not
to stabilise a soil is a complicated one. Numerous commercial products have some form of
stabilisation that make it easier to assure for quality and strength according to building regula-
tions. For contractors who do not generally understand earth building materials, solutions that
use technologies from concrete construction can be an alternative to conventional concrete
and easier to scale-up. In wet climates it is beneficial for the durability aspect of load-bearing
earthen elements. Apart from the technical benefits, a general argument for stabilisation, is
that with modern techniques, it helps bring back this material to our building consciousness
and awareness to vernacular building practices, which has lost significance due to moderni-
sation.

On the other hand, stabilisation usually increases the environmental footprint of the material
and makes it harder to recycle demolished building components. The material, therefore,
loses its ecological qualities. Moreover, earth even after stabilisation remains a mechanically
modest construction material and will never compete with concrete, steel or wood. Often the
amount of stabilisation added is a poor use of materials and would probably be better served
in ie. normal concrete. Furthermore, ancient and somemodern construction examples around
the world have proven that through knowledge and understanding, it is possible to simply build
with earth without modifications.

Figure 4.6: Selection criteria for common stabilizers with different soil characteristics, described in Australian
Earth Building Handbook HB195 (adapted from Ref [40], [51])
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Table 4.2: Common soil stabilisation methods (adapted from Ref [7], [52])

4.2. Earth construction techniques

4.2.1. Construction systems
There are many ways of using soil and earth building materials to make building components
and full-scale construction. CRAterre (International Center on Earthen Architecture), Fig. 4.7,
identifies twelve ways of using earth for construction, which can be divided into three groups
where the first is used to create preliminary load-bearing structures. The second is used as
a monolithic mass and the third as smaller masonry elements. Table 4.3 describe the most
common construction systems used today.
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Figure 4.7: Twelve ways of using earth for construction by CRAterre

Table 4.3: Earth construction systems and applications (adapted from Ref [19])
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At present most earth applications are in internal finishes (plasters boards) and composite
insulation materials where the materials’ hygrothermal properties is an advantage, see sec-
tion 4.5. Structural masonry elements (stabilised blocks) with low strength mortars are also
commonly found. For load-bearing applications, ancient earth construction mainly consisted
of cob, adobe, mud bricks, wattle and daub and rammed earth. Modern earth construction
also utilises these but will see more choice due to technological advancements. The main
difference between modern and ancient earth construction relates to the building process.
Fabrication methods have become more automated, requiring less manual labour and help-
ing speed up construction, making earth a cheaper and more attractive option for architects
and builders, see Chapter 5.

4.2.2. Technical standards
All over the world, vernacular traditions and skills, as well as modern contemporary buildings,
have shown a large and varied range of technical and architectural possibilities offered by
earth building materials. This has resulted in 33 different technical standards and normative
documents from 19 countries, see Appendix B.2. They reflect the differing levels of techno-
logical development of earth building in different parts of the world which are often derived
from local building traditions. As a result, the information they contain varies considerably.
The standards and normative documents can be classified into three types with regard to their
scope of application [7]:

• Soil, parameters incl. : grading, plasticity, natural constituents content, linear shrinkage.
• Earth building material, parameters incl.: strength/deformation characteristics.
• Earth construction system, parameters incl.: strength/deformation characteristics, as-
pect ratio, sound and fire performance, thermal characteristics, earthquake resistance.

At present, earth building materials are produced in two ways: (1) manual hand-made pro-
duction and (2) industrialised factory fabrication. The manual production characterises the
traditional way of building with earth. The industrial production changes the traditional, non-
engineered into an engineered construction system. The shift means that the material is sub-
ject to the same quality standards for testing materials and mechanical parameter, and quality
control of the production process. This requires uniform standards for the design, measure-
ment and construction of buildings with earth building materials. The establishment of inter-
national standard is essential for the establishment of earthen building materials and other
products. Test procedures for earth building products need to be brought to the same level
as other ”standardised” materials to improve their competitiveness in the building sector. A
central reason for this is also to ensure quality control. As earth building becomes more at-
tractive, the number of national standards is expected to increase and become more specific
with more research.

4.3. Physical properties

Physical properties are important in determining mechanical properties. Physical properties
of earth building materials largely takes principles from existing soil mechanics knowledge.

4.3.1. Determining physical properties
The fundamental difference between soils or earth building materials and conventional civil
engineering materials is that it is a multi-phase material, comprising of soil and water (and
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air). The changing balance between these components is key to explaining the mechanical
behaviour of earth building materials. Since the 1930s, the discipline of soil mechanics devel-
oped and the concept of effective stress has proved important in the development of methods
for predicting movement and failure of geotechnical structures. The concept considers only
saturated soils, soil grains and water, as this is assumed to apply to the majority of geotech-
nical designs (foundations, retaining walls, tunnels, slope stability assessments). Since the
1990s a subset of soil mechanics, termed unsaturated soil mechanics has grown. Unsatu-
rated soil mechanics recognises that soils have three phases; soil, water and air. This little
difference can lead to many different behavioural features. Application of (unsaturated) soil
mechanics principles to earth construction is still at an early stage. More information on basic
behaviour of soils can be found in soil mechanics textbooks.

As the physical properties of a soil are of major significance when determining strength of
unstabilised earthen constructions, soil mechanics knowledge can be used. For modern un-
stabilised earth constructions, these can also be regarded in part, at least, as manufactured un-
saturated soils. For stabilised earth materials, many aspects of the behaviour these are linked
to the properties of unstabilised earth. In these constructions, free water may be present and
thus they can also be regarded as cemented unsaturated soils. The development of models
to understand the behaviour of these is a topic of ongoing research [7].

Dry mass
Due to the infancy of earth building technology and the adoption of principles from soil me-
chanics, concrete technology and masonry design in determining material behaviour, impor-
tant physical properties have yet to be standardised for the purpose of earth construction. An
example is dry mass, which is important for determining dry density, strength, stiffness, ther-
mal conductivity, heat capacity and adsorption-desorption capacity. However, no consensus
exists of how to measure this property [45].

Dry density
Dry density of soil is an important factor for the strength and durability of soil. Therefore,
achieving a value as high as possible for dry density is considered important. Dry density is
determined by water content and compaction of soils.

4.3.2. Water content in soils
Water plays a crucial role in the strength of soils, both in cases with and without stabiliser.
Earth is a cohesive-frictional material, its mechanical behaviour is determined by the combined
action of suction and friction. Apart from soils in desert areas, all natural soils contain water.
Some soils may be fully saturated (all voids contain water) other partially saturated (voids
containing water as well as air). The degree of saturation can be determined by testing. The
presence of water activates the binding forces of soils, otherwise it would be a solid. All
materials with open porous structures like earth are able to store and transport water within
their capillaries [45]. Friction holds soil particles together. Majority of failures in earth materials
is due to shear strength and friction is closely related to shear strength. To understand this, it
is important to first understand the concept of effective stress.

Saturated soils: Effective stress
Effective stress which applies to saturated soils can be explained by the following equation:

σ′ = σ − u (4.1)
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where σ is the total stress from applied loads, which are stresses that are checked against
equilibrium applied to the soil. Within the water, a pressure called pore water pressure µ is
also found. Total stresses push the soil grains together while pore water pressure pushes
them apart and the difference between them is the effective stress. Effective stress controls
the frictional behaviour of a soil. It can be altered by changing water conditions or loads
applied. This explains how soils can fail both by increase in load (increase shear stress) but
also by water pressure (decrease shear stress) e.g. rainfall-induced landslide.

Shear strength
Shear strength is the most important criteria for soils. The Mohr-Coulomb yield criterion is a
model of friction, which is described by the following equation:

τ = σ′ tanϕ′ (4.2)

where ϕ’ is the effective angle of friction which can be determined by testing. The relationship
is for a 2D case and is expressed in terms of normal stress and shear stress. If actual shear
σ′ tanϕ′ is exceeded, failure will occur.

Unsaturated soils: Suction
Unsaturated soils are stronger than saturated soils and have other behavioural differences.
In earth construction, the concept of suction explains why they do not collapse. Although the
structures appear dry, small amounts of water inside provides suction to give basic frictional
shear strength. Unlike in saturated soils, water will pull soil grains together and not apart.
The normal frictional force is greater in the unsaturated case. A greater normal force leads
to a greater shear strength. Suction is as the difference between air pressure and pore water
pressure.

suction = ua − uw (4.3)

where ua is the pressure and uw is the pore water pressure. When a soil is saturated, suction
is zero as pore water pressure is zero. As the sample dries, the suction increases as water is
lost. This continues until the remaining water is so small that it provides enough grain contact
around clay particles.

Pore suction on stiffness and strength
Jaquin et al. [56] showed that strength and stiffness increase with decreasing water content.
During axial compression, pore suction increases for specimens at high water content but

Figure 4.8: The concept of soil suction (adapted from Ref [7], [55])
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decreases for specimens at low water content. The material becomes progressively fragile as
it becomes drier. Suction was measured using a high capacity tensiometer. Bui et al. [57] also
showed that strength and stiffness increase as pore suction grows. Suction was measured
by filter paper. Modelling unsaturated soils is an active field of research and there is a lack
of consensus as to what stress variables should be used to characterise strength. A highly
regarded model for unsaturated soils is the Barcelona Basic Model (Alonso et al. 1990).

Moisture content
The ratio of themass of water to themass of solid particles is termedmoisture content and is an
indicator of the state of the soil and its behaviour. The natural moisture content of a soil is often
comparedwith liquid and plastic limit test results. The difference of moisture content of different
soils lead to different earth building applications. Fig. 4.9 shows different earth construction
systems differentiated by wet and dry methods. Dry methods are construction systems around
the optimummoisture content. Wet methods are construction systems between the plastic and
liquid limits.

Figure 4.9: Earth construction systems classified as wet and dry methods (partially adapted from Ref [21])

Soil consistency (Atterberg limits)
Soil consistencies also known as Atterberg limits, state the relative ease in which a soil can be
deformed. The limits denotes the degree of plasticity of a soil and is indicated by terms: soft,
firm, stiff, hard. Depending on water content, four states of consistency is used to describe
the behaviour of a soil, and the three limit states, liquid limit, plastic limit, shrinkage limit, mark
the boundaries of the states of consistency, as seen in Fig. 4.10. In practice, only clayey
soils, for which consistency is related to a large extent, are described using these terms. As
moisture content increases, a clayey or silty soil will become softer and stickier until it cannot
retain its shape, liquid state. As moisture content decreases, a soil becomes stiffer until there
is insufficient moisture to provide cohesiveness. The soil cracks or breaks easily if remoulded.
This is the semi-solid state. If moisture content is decreased further, it gets to a stage where
the suction forces between soil particles will not permit them to move closer and the soil is
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Figure 4.10: Atterberg limits (adapted from Ref [38])

a solid. The transition between the different states is gradual rather than abrupt, depending
on the soil. The Atterberg limits are useful to describe moisture contents as it changes and in
identifying the type of clay mineral present. Tests for liquid and plastic limits are called Liquidity
Index (LI) and Consistency Index (CI). There are standards that define methods and tests in
how to measure these limits.

4.3.3. Compaction of soil
Compaction is the process of reducing air voids in a soil by the application of energy. It enables
earth building materials reach its desired strength for building applications. This is especially
important for e.g. rammed earth. The soil must be moist, ie. have a degree of saturation in
order to form suction between the particles. Compaction increases the number of particles
per unit volume and dry density is used to indicate the degree of compaction. At maximum dry
density (MDD), a soil can derive its greatest compressive strength. Each soil has a moisture
content corresponding the MDD, which is known as the optimum moisture content (OMC).
Particle size distribution, shape of soil grains, specific gravity of grains, amount and type of
clay minerals greatly influences MDD and OMC. Fig. 4.11 shows the MDD and corresponding
OMC for a soil. Increasing the moisture content beyond this point will reduce the dry density.
At low moisture contents (left of OMC) there is insufficient water to form suction between the
particles. At maximum dry density the specimen of compacted soil has a high degree of satu-
ration. Further increase of water (right of OMC) has a dilution effect. In practice, compactive
efforts cannot de-air voids completely. Therefore the dry density -moisture content curve is
always to the left of the zero air curve (Av =0%). The descending part of the compaction curve
usually has a minimum air content of 3-5%. It is convenient to plot the air void curves of 5 and
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Figure 4.11: Optimum moisture content and maximum dry density of a soil (adapted from Ref [58])

Figure 4.12: Compaction curves from different soils (adapted from Ref [58])
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10% to understand the development of compaction. To determine the compaction curve of a
soil, the Proctor or modified Proctor test is used. In the Proctor test, standard energy applied
to soil specimens is 592 kNm/m3 of soil. It is important to point that Proctor compaction tests
may not apply same energy as the one used in earth construction, which may not result in the
sameOMC. Nevertheless, they are still a reliable method to assess appropriate manufacturing
water content for earth structures [59].

Furthermore, there are different types of compaction, which are dynamic or impact, kneading,
static and vibratory. Fig 4.12 shows four different types of soils compacted with the impact
method. Different soils have their own OMC for a given compactive effort. Therefore, the
MDD that can be obtained for a soil depends on the type of soil. Well-graded coarse-grained
soils attain higher density than fine-grained soils. Heavy clays attain low densities due to
greater surface area, which require more water and thus higher optimum moisture contents
[58].

Compactive effort
The dry density of a soil depends on the soil type, the moisture content during compaction
and compactive effort. Increasing compactive effort, energy applied, increases dry density
and reduces moisture content. Fig 4.13 shows a higher maximum dry density of the same
soil in curve C compared to curve B. The increase in MDD can be explained by the resulting
greater orientation of fine particles under the increased compactive effort.

Hypercompaction
Studies by Morel et al.[60], Kouakou and Morel [61], Bruno et al.[62] found that strength in-
creases with increasing density. Especially, Bruno et al. [62] found that the application of
higher compaction pressures, ”hypercompaction”, at 25,50 and 100 MPa (earth blocks are
usually compacted at pressures between 2 and 15 MPa), led to higher dry densities. At 100
MPa, the maximum dry density was 2270 kg/m3 and optimum water content was 5%. This is

Figure 4.13: Compaction curve of a soil with higher compactive effort, from B to C (adapted from Ref [58])
.
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Figure 4.14: Compaction curves at 25, 50, 100 MPa and standard Proctor (adapted from Ref [62])

Table 4.4: Compressive strength of masonry materials vs. hypercompaction (adapted from Ref [2])

the largest dry density registered in literature for unstabilised earth material. Fig. 4.14 shows
the results obtained in the study. As compaction increases, the material shifts towards ”no
porosity” (Av =0%), where dry density is equal to the density of the solid soil particles. Table
4.4 compares the strength of hypercompaction with different masonry materials. The study on
compacted stabilised earth used 10% cement which erases environmental benefits of earth
material.

4.4. Mechanical properties

Due to the many construction systems with differing moisture contents and applications, this
section focuses only on rammed earth, as it is one of the most actively researched construction
systems. Therefore, this section forms part of the data gathering to predict shotearth material
behaviour in chapter 6. Both unstabilised and cement stabilised properties will be considered,
as cement is the most widely used stabiliser.

4.4.1. Determining mechanical properties
Understanding mechanical behaviour of earth materials is important to develop design rules.
However, due to the“lack of standard experimental protocols for assessing the engineering
performance of earth materials”[45], it is difficult to select appropriate design parameters.
There is no consensus on how to measure these. as standards and design principles from
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Table 4.5: Overview of the diversity of testing procedures adopted to measure rammed earth properties

geotechnical engineering, concrete design and technology, and masonry design have been
used to determine keymechanical parameters. The applicability of these ’adopted’ procedures
for earth building materials has not yet been proven.

Unconfined compressive strength (UCS) is themost important parameter in earth building tech-
nology but few standards or normative documents distinguish between ”design” and ”charac-
teristic” values of UCS, see Appendix table B.4. Characteristic strength of a material is often
the basis for the structural design of elements using limit-state design principles. For con-
crete, cube or cylinder strength is used to assess the charactericstic compressive strength.
In masonry, wallettes or prisms are used. For unstabilised rammed earth (URE) and cement
stabilised rammed earth (CSRE) a variety of test procedures have been used to obtain UCS,
as seen in Table 4.5. The diversity of test procedures makes it difficult to assess mechanical
parameters and material performance, which are often tailored to specific materials or external
actions. Furthermore, the majority of strength parameters obtained from laboratory tests is on
small samples of soils and often different shapes are used, which often result in varied and
higher values than the full-scale constructions. [63] [64] [65] [66] [67] [68]

The engineering design of earthen structures is still at an early age. Therefore, from a me-
chanical point of view, it is still necessary to oversize these structures, allowing to design with
simple mechanical parameters. RILEM technical committee TCE 274 is working on defining
accurate, repeatable, and reproducible performance oriented-testing protocols that could be
adopted as international standards in the future [45].

Basic mechanical behaviour of soils
Soils show very little elasticity, and exhibit plastic deformation almost immediately upon load-
ing. Shear stress leads to failure, therefore, determining the maximum values of shear stress
that can be experienced at a material point is of highest concern. Cracking is assumed to
occur when a soil is subject to tensile stresses (as soil is often assumed to have no tensile
strength). This is of course different with fibers and stabilisation.

4.4.2. Mechanical properties of cement stabilised rammed earth
As cement is the most common form of stabilisation, this section only considers cement sta-
bilised rammed earth (CSRE) and disregards the other types of binders. Cement stabilised
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Figure 4.15: Relative increase in compressive strength over % cement content for different soil groups (adapted
from Ref [40])

earth has a non-linear increase of compressive strength with the percentage of cement added
and also has a wide-range of strength values depending on the soil composition and especially
the percentage of the clay fraction. Fig. 4.15 shows the increase of cement stabilised earth
compared to concrete, silt and clay. The relative increase in strength with % cement added is
greater for soils with lower specific surface area of the clay fraction (e.g. sandy soils). This is
likely due to interfacial bonding between cement paste and aggregate [7]. Jayasinghe et al.
[66] showed compared three soils in Sri Lanka with varying cement content between 6-10 %.
The results showed the sandy soil had higher compressive strengths than hard lateriate and
clay with increasing cement. The non-homogeneity is less for earth building materials that use
washed aggregates. The proportional increase in strength with% cement declines significantly
for stabilised earth as the cohesive proportion increases. In other words, the more clay there
is in soil, the more cement is required. This presents a problem in interpretation of research
data as different soils can exhibit different proportional increases in compressive strength with
addition of cement. A solution could be to improve PSD and soil plasticity to make it more
compatible with cement stabilisation which can reduce the percentage of stabiliser needed.
Further research is required to better understand the behaviour of clay and cement.

Compressive strength
There is a limited number of studies on the strength and behaviour of cement stabilised
rammed earth (CSRE). An attempt to summarise these is found in Table 4.6. The literature on
CSRE indicates the following:

• soil composition influences strength, a wide range of values for density, thickness, and
strength is recorded

• themoisture content of the specimen at the time of testing significantly influences strength.
Time lag results in lower strength and difficulty in achieving higher density.

• use of sandy soils and cement content in the range of 6–10% for CSRE construction
show higher strength than other types of earthen compositions

• CSRE materials possess good erosion resistance and durability
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Table 4.6: Overview of cement content and compressive strength measured in cement stabilised rammed earth

• CSRE materials should be rammed into a wall within an hour after mixing with water

Measuring CSRE compressive strength
Comprehensive studies to understand the structural behavior of CSRE are limited. Venkatarama
et al. [65], points out that in CSRE research, the main focus is on the design of wall elements
under concentric or eccentric compression. Compressive strength of CSRE is generally ex-
amined through tests on rammed-earth cubes, cylinders, prisms or wallettes. Cube or cylinder
strength may not be ideal to arrive at characteristic compressive strength due to them resulting
in higher values. It is suggested that square prisms with a height to thickness ratio at a range
of 2-6 may be ideal. However, compressive strength of prisms has to be normalised.

Other mechanical properties
Due to the limited number of CSRE studies, it has not been possible to find measurements on
other mechanical properties. Tension and shear strength is generally taken as zero in earth
building design. However, 10 % may be taken likened to studies found in URE.

4.4.3. Mechanical properties of unstabilised earth

Unconfined compressive strength (UCS)
Unconfined compressive strength is the main parameter in earth construction. It is dependent
on moisture content, dry density (compaction energy), and sample size. The relation between
these and compressive strength is unclear. Studies in literature have found UCS for rammed
earth between 1.0 to 2.5 MPa, see Table 4.7. These values are mostly based on small-size
samples with different shapes, with some based on construction-size samples. A study has
found UCS up to 10 MPa [69]. Experiments performed by Bui et al. [70] and Maniatidis and
Walker [68] found that compressive strength for smaller samples are higher than for bigger
samples. The lower strength in bigger and full-scale samples is attributed to the inclusion of
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Table 4.7: Measured unconfined compressive strength and Young’s modulus from different studies (adapted
from Ref [41])

bigger aggregates and more variation in PSD. These samples are more representative of the
behaviour of real rammed earth walls [41]. [65] [71] [66], [72] [40] [73] [74]

Measuring compressive strength
There are no standards for testing UCS of RE samples. Therefore, authors have followed
ASTMD1633 [75] for compressive strength of soil-cement cylinders or followed procedures
from ASTM for cement mortars [76] or from masonry design rules [77]. The RILEM technical
committee suggests that specimens should be tested following the framework of continuum
mechanics with specimen sizes which ensures that stress and strain tensors are homogenous
within the specimen [45]. Standardised testing procedures are necessary to actually make
values obtained from studies comparable.

Young’s modulus
There is a big dispersion in the values for young modulus in literature varying from 60-1000
MPa. The dispersion is related to different materials, moisture content, sample size, testing
procedures and varying definitions of elastic modulus. This makes it hard to determine a
relation between UCS and Young’s modulus like in concrete. However, direct relationships
have been proved in [68], [78].

Measuring Youngs modulus
Alós Shephard et al. [79] argues that Young’s modulus determined following concrete test-
ing standards is higher than the one following geotechnical testing standards due to different
techniques used to measure deformation.
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Table 4.8: Measured tensile strength of earth bricks and earth mortar (adapted from Ref [82])

Poisson’s ratio
Few studies have measured poisson’s ratio. The studies that have, found values from 0.22 to
0.30 [59], [80], [81].

Tensile and bending strength
Tensile strength is one of the most relevant parameters in the analysis of rammed earth fail-
ure, especially in seismic regions. It has not yet been thoroughly studied and therefore taken
as zero in design. Tensile strength can be considered as approximately 10% of its compres-
sive strength [41], [82], leading to values between 0.10 and 0.35MPa. This has been deter-
mined using Brazilian tests and pull-off tests [80], [81], [83]. Bui et al. [80] tested the tensile
strength in an earth layer and between layers and concluded that it may be acceptable to con-
sider rammed earth as an isotropic material in tension. Reinforcement is necessary if tensile
stresses cannot be avoided.

In the absence of direct experimental data, design characteristic bending strength should be
taken as zero according to Standards Austalia [51]. In cases where design relies on bending
resistance from the wall elements, a direct bending strength test should be performed. No data
on the tensile and bending strengths of rammed earth is found, however, Table 4.8 shows the
results of tensile strength in raw earth bricks and earth mortar. The results of earth mortar are
interesting for this research, more in Chapter 6.

Shear strength
In the absence of direct experimental data, design characteristic shear strength should be
taken as zero, Australian standards [51], or 0.035MPa, New Zealand standards [84]. Stud-
ies measuring shear strength have found values between 0.15 to 0.85 MPa, see Table 4.9.
Shear may be assumed to be carried by frictional resistance. Factors that influence shear
strength value is moisture content at the testing time. There is a decrease in shear strength
with increasing moisture content [85].

Shear behaviour
Shear stress criteria are commonly given by the Mohr-Coulomb theory, which is defined by
cohesion, friction angle and normal stress. The relationship between shear and normal stress
can be determined by testing, from which cohesion and friction angle can be determined.
Some authors suggest a relationship between cohesion and compressive strength c=(0.10-
0.14)fc [80], [86], or cohesion and tension c=1.5*ft [87], [88]. Further investigation is needed
to confirm these relationships.
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Table 4.9: Measured shear strength from different studies (adapted from Ref [41])

General cohesion values vary from 30 kPa to 560 kPa, while friction angles between 35 and
75 degrees are found. El Nabouch [59] showed that higher density increases cohesion but
does not affect friction angle. Small-scale samples were tested. Data reported does not give
a clear tendency of these parameters and they have no sound correlations with dry density
and/or water content [45].

It has also been suggested by some authors that dilation angle [89] and dissipated energy in
shear [90] also affect shear behaviour. Tests to determine shear stress are shear box and triax-
ial compression test used in geotechnical engineering. Other tests are diagonal compression
tests in masonry design.

Fracture energy
Very few studies concern the tensile and compressive fracture energy of RE. Values have been
found from 0.002 N/mm to 0.020 N/mm. Tests to obtain fracture energy is with a three-point
bending test, wedge splitting test. Miccoli et al. [88] proposed the tensile fracture energy as
0.029 ft and compressive fracture energy as 1.6 fc. Bui et al. [89] proposes to calculate tensile
fracture energy according to CEB-FIP Model Code 90 [91]. Based on the existing studies, no
conclusions can yet be drawn on this property and further investigations are needed [41].

4.5. Hygrothermal properties

The term ’hygrothermal’ refers to the movement of heat and moisture through buildings. Earth
building materials are well known for their hygrothermal properties and they have shown to
be beneficial for the health and well-being of their occupants. Occupants in earth buildings
report that their home is warm in the winter and cool in the summer as earth materials have
excellent hygroscopicity (ability to adsorb and absorb water from the surrounding environment)
enabling them to balance indoor climate. Therefore, RE walls, earth plasters and other earth
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buildings, when designed properly, can be used as a building-integrated form of ”passive air
conditioning”.

4.5.1. Determining hygrothermal properties

Moisture buffering
Hygroscopic behaviour is often described by moisture adsorption and most commonly the
Moisture Buffer Value (MBV). Moisture adsorption is the amount of water uptake in g/(m2).
MBV indicates the amount of moisture uptake or release by a material when it is subject to
change in environmental conditions, typically relative humidity (RH), and the response is mea-
sured as mass change with change in RH, presented in g/(m2.%RH). The limitation of the MBV
is that testing methods generally follow the principle of the step-response method. This test
method does not represent an intrinsic material property and the results are dependent on the
chosen RH and time cycles as well as experimental set-up. This makes comparison between
different studies difficult. Moreover, existing tests on hygroscopic materials only focus on the
adsorption of water, where indoor pollutants have not been considered in relation to thermal
properties of earth materials [92].

Thermal insulation
In countries with cold and temperate climates, buildings in regular use have to be heated dur-
ing the winter. Building standards in these countries require appropriate thermal insulation.
According to these standards, earth building materials are not good thermal insulaters and
generally do not fulfil the thermal insulation requirements for exterior walls in new buildings.
This is due to limited knowledge on the thermal conductivity of earth materials, which is re-
lated to its density and water content. Therefore, more research is required to define new
standards. At present, earth products in new buildings can be used in exterior or interior walls
in combination with other thermal insulating materials [7].

The parameters that define thermal insulation is thermal conductivity and thermal resistance.
The lower the thermal conductivity coefficient, the higher the insulation will be. Thermal re-
sistance is the ratio between the thickness of the element and its thermal conductivity. Table
4.10 shows the comparison of thermal conductivity and resistance of earth materials, concrete
and stone. It can be seen that thermal conductivity and resistance of earth is lower than the
others. The Australian earth standard defines a minimum value of 1.3 m2K/W for thermal re-
sistance. This leads to conclude that the resistance value might not be representative enough
to characterise thermal behaviour of rammed earth [41].

4.5.2. Moisture buffering capacity
Studies have shown that earth materials have higher moisture adsorption values than conven-
tional materials. Lustig-Rössler [93] found that the average moisture uptake for 10 mm thick

Table 4.10: Thermal conductivity and thermal resistance of earth compared to other materials
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earth materials varied between 45 and 65 g/m2, compared to fired bricks and plasterboad at
1 g/m2, and wood at 25 g/m2. A study based on newly constructed URE walls, in an environ-
ment where RH fluctuated by 5 to 10% throughout the year, found MBV values between 1.0
and 3.7 g/(m2.%RH) which is considered good and excellent defined in [94].

McGregor et al. [95] measured the MBVs on five samples of stabilised and unstabilised earth
and found that unstabilised earth exhibited the highest MBVs and the addition of any stabiliser
reduces it. The reduction of MBV with the cement and lime samples increased as the per-
centage amount grew, Fig. 4.16. Although the addition of stabilisation affects the moisture
buffering abilities of earth materials, both SRE and URE walls have higher moisture adsorp-
tion values compared to conventional materials. Allinson and Hall [96] found MBVs between
29 and 54 g/m2 for cement stabilised rammed earth walls. The mixes were stabilised with
10% per dry mass of cement. Fig. 4.17 shows different studies on the moisture adsorption of
different earth materials.

4.5.3. Thermal performance
The passive temperature and moisture buffering behaviour of earth materials have been mon-
itored (and exploited), in several modern earth buildings before. In Sydney, Australia, a SRE
house was left unoccupied for a year. Over a period, internal sensor readings recorded an
average indoor temperature between 18◦C and 27◦C, compared with outdoor temperature be-
tween 7◦C and 42◦C. Another study in New South Wales, Australia, a two storey SRE office
buildingn also showed that indoor temperature was reduced by passive cooling and dehumidi-
fication throughout a hot summer period. A case study in Southern Portugal [43] also showed
that URE can provide satisfactory thermal comfort almost the whole year. A heating system
could be necessary for some periods of thermal discomfort during winter. All these studies
show that the amount of energy required to meet heating and cooling loads is significantly
lower than that in conventional buildings.

Effect of humidity and temperature on strength and stiffness
Along the thickness of earth walls, large gradients of temperature, humidity and pore suction
can be found due to different ambient conditions on the inside and outside faces of the wall.
The impact of these gradients on structural performance has been subject to investigation by
[97]. The main conclusion from this study was that strength reduces when humidity increases
and water condenses which produces a decrease in suction. This leads to conclude that the
design of earth buildings have to take into account change of environmental conditions that
can occur over the lifetime of the building.

Acoustic performance
Acoustic insulation has not been thoroughly studied in literature. The few studies and guides
[51], [72], [98]–[100] on this parameter have found on average R and STC values of 57 dB.
Therefore, it can be concluded that RE have good acoustic behaviour. There are not enough
studies to validate its acoustic performance but some authors [98], [101], [102] indicate that
due to its porosity, rammed earth has excellent reverberation properties, generating far fewer
echoes than conventional materials.
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Figure 4.16: MBV of stablised and unstabilised earth samples (adapted from Ref [95])

Figure 4.17: Measured moisture adsorption in g/m2 at 8 hours for different earth products (adapted from Ref [92])

4.6. Durability

In the context of earth construction, durability means the resistance and ability of a structure to
withstand the action of weathering and functional deterioration over time without degradation
to the expected service life.
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Figure 4.18: Effect of humidity on strength (adapted from Ref [97])

Effect of water on durability
Water penetration into walls can be caused by different mechanisms but mainly from absorp-
tion from the surrounding ground, and rainfall, which causes erosion. Rain and frost are the
most destructive natural actions causing deterioration. Apart from erosion, the effects of water
penetration can lead to decrease in mechanical strength, increase in freeze-thaw effects as
well as increase in swelling/shrinkage. The degree of deterioration caused by these effects
depend on the soil composition, clay mineralogy and existing moisture content of the structure.

Another effect caused by water penetration is efflorescence. Efflorescence shows as white
streaks on a wall surface and is caused by cycles of wetting and drying of an earthen material
containing cement or lime. It can also be caused by the transport of soluble salts from the
subsoil aggregates or ground water, which re—crystallise at the surface after water evapo-
ration. Efflorescence is detrimental to the appearance of wall. Other similar effects of water
penetration are surface soiling or deposits of other staining material as well as damages to
thermal insulation properties. This can be caused by cold earth walls in winter being heated.

Erosion is caused by incident rainfall and rain splash at the foot of walls. With significant water
content, internal cohesion of the material decreases. For the same amount of water, strong
but short rainfall is less erosive than prolonged rainfall as the water has more time to penetrate
the material. The angle of the rain, which is determined by the wind speed (kinetic energy),
is also a factor on the degree of erosion. It has been found that lower impact angles leads to
more erosion. Long term studies on erosion are rare and expensive and therefore, not much
literature is on it. Bui et al.[103] investigated stabilised and unstabilised RE walls exposed to
natural weathering for 20 years in a wet continental climate. For SRE walls (5% by dry weight
of hydraulic lime), the mean erosion depth was about 2 mm (0.5% wall thickness). For URE
walls, about 6.4mm (1.6% wall thickness). The results concluded that erosion of RE walls is
not a linear function over time and that the walls initially showed more erosion on the surface,
due to the loss of compaction energy caused by friction on the formwork, but over time the
erosion stabilises. Earth material in contact with formwork is less compacted and therefore
more eroded. Two functions, a linear and a non-linear, were used to assess the durability of
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URE and SRE walls, Fig. 4.19. Using the linear function, URE walls take 63 years before
these walls are eroded to 5% thickness. For SRE walls it is 204 years. Using the non-linear
function, the lifetimes of URE and SRE may be much longer. There is no scientific data giving
an exact function and therefore it is currently impossible to estimate the lifetime of these walls
using non-linear functions. The data is also only valid for the climate zone studied and it is
hard to‘extrapolate’for other climatic zones.

Another study in Massachusetts, USA [104], exposed an unstabilised, uncoated rammed earth
wall for 9 years. It showed an erosion depth between 5 and 7 mm, which corresponds to
an annual rate between 0.55 mm/year and 0.77 mm/year. The difference in erosion rates
between the two studies are likely due to different earth materials, construction methods and
measurement techniques rather than climate. The climate at the two sites are rather similar
with average annual precipitation at 1000 mm, average temperature in august a bit above
20◦C, January 0◦C and frost commonly occurring during winter. Erosion can be limited by
regular maintenance of the building envelope. Taos Pueblo in NewMexico, USA is an example
of this. It is a complex of adobe houses dating back almost 1000 years and still inhabited by
around 150 people. The houses need regular maintenance to prevent progressive erosion.
This consists of application of a fresh sacrificial layer of mud over the external wall surface
every year [45].

Effect of fire, wind and solar on durability
Other aspects that effect durability of earth constructions are fire, wind and solar radiation.
Stabilised earth buildings are particularly vulnerable to fire as high temperatures can produce
a loss of inter-granular cementation and can therefore rapidly damage them. Wind is a mod-
erate threat to earth structures that may be sensitive to surface mechanisms (erosion and
abrasion). Solar radiation is limited to an unaesthetic discoloration of photosensitive binders
like polymer-stabilised earth. Damages caused by wind and solar radiation progress slowly
and can be counteracted by regular maintenance of the building envelope.

Figure 4.19: Linear and non-linear erosion over time (adapted from Ref [103])
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The impact of water, fire, solar, wind on durability of earthen structures and chemical agents
or other methods to prevent the impact of these is still unclear due to absence of detailed
investigations at field scale. Durability can be increased through design by making sure good
foundations are designed to prevent capillary flow and roof design such as overhangs to pre-
vent exposed walls to directly impacted by rain. Lastly, the most popular option is to apply
surface treatments on earth walls.

Admixtures and post-surface treatments to improve durability
To increase durability, post-surface treatments are used to provide protection against natu-
ral weathering to improve the quality of the construction and impart more functions to earth
buildings. The most popular surface treatments are silicone-based water repellents, which
can provide long-term protection against natural weathering. Kebao and Kagi [105] found that
addition of 0.05% of a silicone-based water-repellent admixture to a cement SRE reduced wa-
ter absorption by 80% in comparison with untreated material. For internal surface treatments,
surface sealings or renderings can be done. Oil-repellent (stain resistant) sealers can be ideal
for areas like kitchens, bathrooms, or public areas where repeated cleaning is required. Re-
peated cleaning of an earthen surface is not recommended as they are not strong enough for
repeated harsh cleaning. Other surface treatments are coatings on the interior and exterior
surfaces.

4.7. Challenges in current earth building technology

Earth materials, while they have many benefits for their ecological quality and indoor climate
regulation, are not widely employed in mainstream construction due to the following limitations:

• limited durability against weathering, erosion due to exposure to rainfall
• frequent need of earth stabilisation via chemical, biological or physical methods, which
can increase the carbon footprint of the material.

• uncertainty related to the mechanical performance of the unstabilised and stabilised
earth. Due to the fact that each earth material has a specific mineralogy and chemical
composition which has a direct influence on the mechanical properties. For stabilised
earth, it is difficult to define a stabilisation method that works for all types of soils. It
is more common that a stabilisation method is tailored on the specific earth material,
due to a variety of reasons i.e. local availability of the stabiliser to its chemical affinity
with the earth, costs, environmental impact. A broad diversity of stabilisation methods
exist and is being developed making it difficult for potentially standardising earth mate-
rials. It is difficult to predict the influence that the various types of stabilisation have on
the mechanical behaviour of earth materials. Which may require numerous and expen-
sive laboratory testing before reaching an appropriate understanding of the mechanical
performance of stabilised earth.

• uncertainty related to the measurement of properties due to lack of standardised ways
for testing and measuring.

• construction techniques relying heavily on manual labour.

Despite these limitations building and research in earth building materials has gained a lot of in-
terest in the last decades and will continue to do so. Efforts are being made into understanding
the material, building guides and faster construction methods.



5
Additive Manufacturing for

Earth Construction

This chapter aims to describe the state of the art of additive manufacturing (AM) in the con-
text of earthen structures. An introduction to AM technologies and processes will be given,
especially that in 3D concrete printing (3DCP), followed by potentials in the new shotcrete 3D
printing (SC3DP). Thereafter, highlighted studies and demonstrations of digitally fabricated
earth structures will be presented. The chapter also aims to highlight the inter-dependencies
of material, manufacturing and design process in the world of digitally fabricated structures.

5.1. Additive manufacturing and 3D printing

For a few decades now, the construction industry has been slowly shifting towards digitali-
sation and automation. AM techniques and 3D printing are set to revolutionise the industry,
as they enable the fabrication of complex geometrical elements directly from a 3D computer
model, through the process of a layer upon layer build-up [106]–[108]. The advantages, which
include increased geometric freedom, reduction in human labour, cost and time, reduction of
materials, lower risks and increased safety, has the potential to create custom products with
high precision and accuracy [76], [109], [110]. The potentials have led to extensive research in
the areas on understanding materials and properties that suit these methods, creating numeri-
cal models that simulate these techniques, and printing prototypes from connection elements,
to components, to full-scale buildings to better understand these processes [111]–[115].

3D concrete printing

Figure 5.1: Process of 3D concrete printing

In the context of the building and construction
sector, the term AM, now mostly refer to three-
dimensional concrete printing (3DCP) with an
extrusion-based manufacturing process and it is
one of the areas in construction being rapidly de-
veloped [116]. Some research have also focused
onmetals and polymers, an overview of these can
be found in [25], [117], and new materials pop up
all the time. 3DCP uses cementitious material
which gets extruded through a nozzle as a continuous filament in a layer-by-layer build-up

51
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Figure 5.2: First 3D printed office in Dubai [122] Figure 5.3: First 3D printed bridge, Netherlands
[123]

Figure 5.4: ”The Bridge Project”, Netherlands [124] Figure 5.5: Project Milestone, Netherlands [125]

[118]. It was inspired by Koshnevis et al.[119] contour crafting method, originally conceived
as a method to construct molds, but the first studies on 3DCP were at the University of Lough-
borough. Since then numerous research and academic institutions have reported findings
on various aspects of 3DCP, most notably from the Technical University of Eindhoven [115].
Noteworthy 3DCP construction projects incl. 10 houses fabricated in less than 24 hours per-
formed by Chinese company, WinSun, in 2014 [120], [121]. The first 3D printed office, in Dubai
2016 [122]. A bicycle bridge in the Netherlands, opened in October 2017 [123].“The Bridge
Project”, aka. the world’s longest 3DCP cycle and pedestrian bridge in Nijmegen, Nether-
lands, opened in 2021 [124]. Project Milestone, Eindhoven, Netherlands which is currently
being tested for living [125]. More examples of successful 3DCP is found in [126]–[130].

Shotcrete 3D printing
Shotcrete 3D printing (SC3DP) is a new AM method with sprayed concrete based on con-
ventional shotcrete technology. SC3DP is a robot-controlled process that builds up concrete
components layer by layer through the controlled addition of compressed air. Compared to
extrusion-based methods, sprayed concrete has several different advantages. It is fast, easy
to apply on all kinds of surfaces and allows the integration of reinforcement even with non-
standard geometries. It is possible to spray not only as horizontal layers but possible to be
placed laminar on surfaces with altering orientations, Fig. 5.6. The method has the poten-
tial to produce large scale structural free form concrete elements with large overhangs and
reinforced concrete elements with a high surface accuracy and quality. Table 5.1 shows how
SC3DP can overcome some of the current technical challenges in 3DCP. The method takes
inspiration from conventional shotcrete, which has been used for around 100 years, mainly in
tunnel construction and the mining industry [131]. Fig. 5.7, 5.8 demonstrate the potentials of
SC3DP so far.
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Figure 5.6: Opportunities of SC3DP (adapted from Ref [131])

Figure 5.7: Reinforced curved wall using SC3DP
[131]

Figure 5.8: Cylinder with overhang using SC3DP
[132]

Table 5.1: Advantages of SC3DP over 3DCP (partially adapted from (Ref [25], [117], [131]))

5.2. AM in the context of earthen construction and architecture

AM processes are especially interesting in the context of earth construction, as it can help
revive the interest and knowledge in earth material and building techniques as well as open
up new opportunities for earthen architecture. Existing fabrication methods in earth construc-
tion are based on tradition, transferred orally and include manual labour [5]. New fabrication
methods in earth construction include robotic rammed earth, 3D printing extruded earth, and
sprayed earth [133]. Some demonstrations show the potential of this new direction in mod-
ern earth architecture but very few studies have looked into the mechanical properties and
structural feasibility. The results are few and scattered.
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5.2.1. Robotic rammed earth
Robotic rammed earth is a semi-automated system for the production of standardised rammed
earth components. Layers of earth is compacted by a pneumatic rammer or heavy vibratory
plate in a robot guided slipform. This fabrication method minimises material and labour re-
quirements [133].

5.2.2. 3D printing earth and clay materials
Following the rapid growth of 3DCP, the method has in recent years also been studied and im-
plemented for clay and earth building materials due to environmental potentials. One prospect
is with 3D printed clay formworks for concrete construction. With the rise of 3D concrete print-
ing and the search for new geometric possibilities. 3D printed formworks has been under
investigation for structural and nonstructural applications and their potential for making con-
crete construction more sustainable. 3D printed clay formworks have been demonstrated as a
solution to create more freeform 3D printed concrete structures. Due to the plastic properties
of the material, it can easily be washed away for demolding, then shaped and reused for other
projects [134].

Studies involving 3D printed clay for the design and construction of building components have
been demonstrated by Kontovourkis and Tryfonos in [135], [136]. The studies look into the
influence of 3D printing parameters in the early age design of clay components to assess their
impact on 3D printing performance, focusing on geometric conformity aspects. Influence of
parameters included layer height, wall thickness, infill density, extrusion velocity and nozzle di-
ameter. In [135], overall printing time was evaluated for a conventional and non-conventional
wall in a comprehensive parametric investigation.

3D printing of earthen material has been studied by Perrot et al. [137] and Gomaa et al. [17].
Perrot et al. looked at the early age yield stress and Young’s modulus development over time.
Two earthen mixes, one with alginate (stabilised) and one without (unstabilised) were com-
pared for their strength and buildability. The addition of alginate proved to give higher and
faster strength gain and less deformation, which allowed for faster fabrication time compared
to the mix without alginate. For the mix without alginate, the only mechanism that induced
strengthening of earth was drying. This slow hardening process can be an explanation for
why unstabilised earth is not widely used in industrial applications. The study proved that a
binder is required for faster fabrication time and better strength. A high water-content in mixes
are required for extrudability. Both mixes had a consistency close to the liquid limit of the soil.
This study is the only study so far about early age printed earth properties.

Gomaa et al. [17] examined the structural feasibility of a 3D printed earthen wall for low-rise
construction. The material mix developed is likened to traditional cob due to the inclusion
of straw fibers. The investigation first tested 3D printed earth cylinder specimens for com-
pression to obtain key mechanical parameters, compressive strength and Young’s modulus.
These properties were then used to examine three wall patterns and their load carrying capac-
ity based on limit state design. The results were then implemented in an idealised case study
considering a 1 -and 2-storey building. The case study showed that 3D printed earthen walls
have the potential to sustain the typical loads of a low-rise residential building. It also has the
potential to emerge as a strong competitor to conventional concrete and 3D printed concrete
for low-rise construction.
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5.2.3. Sprayed earth
Sprayed earth also known as shotearth or PISE (Pneumatically Impacted Stabilised Earth) is
a process that comes from conventional shotcrete. PISE, first invented in the 1970s by David
Easton, is a dry cement-earth mix which is conveyed by air pressure to a spray nozzle where
water is added at the nozzle. The mixture is sprayed with a high pressure against a single
sided formwork where thicknesses of 60 cm can be obtained. Conventional steel reinforce-
ment cages can be integrated with this method [7], similar to the mesh mould method devel-
oped at ETH Zürich, see Fig. 5.13. Not many projects have been demonstrated with sprayed
earth. Easton implemented the technology on a few small projects in the 80s in California,
USA, before deeming it too expensive. A similar concept to PISE developed by French archi-
tect Stéphanie Chaltiel together with Summum Engineering, involves a flying drone spraying
soil onto a lightweight textile membrane structure. The goal of this project was to demonstrate
a way to build emergency shelters in disaster areas [138]. Aside from these demonstrations,
sprayed earth materials have mainly been used for internal plastering where clay plaster is
most commonly used [19].

Studies that quantify sprayed earth have largely been non-existent until recently when Curto
et al.[139] studied the mechanical properties of a sprayed earth mix with cement and found
compressive strengths up to 9.5 MPa. The results of this study can be likened to a low strength
concrete and highlights the benefits of locally excavated earth as a potential sustainable con-
structionmaterial, albeit with cement. Experiments are currently being performed in Eindhoven
with Jelle Feringa and in TU Braunschweig, one of the universities that also started SC3DP.

5.3. Material and processing requirements for digital earth

The material and processing requirements of earth materials can be drawn from research in
concrete extrusion and spraying. It is assumed that these requirements are the same.

5.3.1. Material requirements
Most research into material requirements for AM have been in 3DCP. A few have looked into
SC3DP where requirements are taken from conventional shotcrete. However, due to the nov-
elty of the method very little research has been published on it.

Fresh properties
In 3DCP, workability, extrudability, flowability, buildability, pumpability, and open time are de-
fined parameters of concern [140]–[143], Table 5.2 describes these terms in detail. 3DCP mix
design is based on wet mixed mortars used in spraying applications. Fresh state of printed
concrete is important to understand its buildability, which is the ability to obtain the desirable
shape with minimal deformation and avoiding collapse. The extruded material should be able
retain its shape under its self-weight, weight of subsequent layers and resist the stresses gen-
erated by self-weight. This is known as thixotropy. Workability and extrudability depend on
the thixotropic behaviour of the material where high thixotropy means better shape stability
[144]. Flowability and buildability depend on the rheological requirements. This demands for
a pasty consistency of the material.

Fresh state concrete can be assumed as a visco-plastic Bingham material that presents a
viscous behaviour. It usually flows when the stresses surpass its yield stress. Properties
relevant for determining the ability to print of concrete materials are:
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Table 5.2: Key terminology used in 3D concrete printing

• Rheology
• Stress-strain behaviour
• Time-dependent behaviour

Elements can fail in one of two ways:

1. Strength based failure criterion, also known as plastic collapse is based on yield stress.
An adequate yield stress is crucial to assure stability after deposition of the printed layer,
to resist gravity load from the layers above.

2. Stability based criterion, also known as elastic buckling is based on the maximum print-
able height, which depends on Young’smodulus. Buckling failure is related to successive
lateral deformation and second order effects.

Determining stiffness and yield stress is required to develop models that predict failure by
buckling or plastic collapse, respectively. These models are validated by comparing results
from FE analysis with printing experiments. Stiffness is tested and monitored based on de-
formation, which depends on Young’s modulus and is quantified by either stress-strain rela-
tion using the unconfined compression test for cylindrical specimens (ASTM D4648), optical
metrology, or PZT (piezoelectrical transducers) that assess stiffness gain and damage evolu-
tion, thereby ensuring stability of the stacking process. Time-dependent yield stress depends
on cohesiveness of cement paste, which is suggested by authors to resemble the behaviour of
a cohesive soil, as failure in compression result from relative movement of particles. Strength
is attributed to a combination of inter-particle friction and cohesion, which can be translated by
a Mohr-Coulomb yield criterion, similar to cohesive soils. An alternative way to perform yield
stress analysis is through the dynamic stress sweep method using an oscillatory rheometer,
which allows proper reproducibility of results and minimizes wall slippage problems in high-
viscosity mortars [145].

Clay extrusion is essentially similar to concrete extrusion. A ceramic slurry or paste is pushed
through a numerically controlled deposition tool. The structural buildup is achieved due to
the non-Newtonian shear-thinning rheology of the extruded paste: once the shear-inducing
extrusion process ceases, the viscosity of the material increases. The printed parts are typi-
cally very fragile and soft and usually rely on a postprocessing stage like drying or sintering to
achieve the necessary mechanical properties [134].
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Fresh properties in SC3DP
The material requirements of SC3DP are similar to those of 3DCP in terms of rheology, stress-
strain behaviour and time-dependent behaviour. The main difference is the addition of admix-
tures and accelerators at the spray nozzle where setting behaviour and load-bearing capacity
of layers can be better controlled [146].

Hardened properties
It is possible, in printed material, to achieve greater material density and strength similar to
cast materials. This is yet to be proven on a commercial scale. Due to the printing direction
of 3DCP objects, the material exhibits anisotropy. To minimise this effect research is currently
performed on the following: improving layer adhesion, bulk-density and underfilling, tensile
reinforcement, shrinkage and durability. Measuring hardened material properties is also not
standardised.

Tensile strength and ductility
One of the biggest challenges in 3DCP is the inability to introduce steel reinforcement. Many
concepts to integrate steel reinforcement have been proposed as well as printable concretes
with fibre reinforcements and textiles have been developed but better integration and auto-
mated processes are still being investigated. An comprehensive overview of solutions for
integrating reinforcement AM for concrete can be found here [147]. A limitation of fibre rein-
forced concrete is that improvement in tensile strength is mainly observed when tested parallel
to the direction of printing, as fibres orient themselves in the print direction due to the extrusion
process [148]–[151].

Hardened properties in SC3DP
SC3DP seems to be able to overcome the challenges of layer adhesion, bulk density due to
the spraying that increases particle interlocking. The acceleration of material caused by com-
pressed air gives higher compaction of concrete as well as good mechanical bond between
successive layers, reducing cold joints. High bulk density or low porosity can be achieved
which results in good strength and durability properties of the manufactured components. The
versatility of the nozzle and spray directions means that tensile reinforcement can easily be in-
tegrated. These aspects give the possibility to print complex 3D concrete components. There
is no published research on the shrinkage and durability of SC3DP structures yet but these
are highly dependent on the mix design [131], [146].

5.3.2. Processing requirements
The mechanical behaviour of the material is also dependent on the processing parameters as
well as the geometry being printed (geometrical effects will be discussed in chapter 7). The
variation of the process parameters influences the target values to be achieved.

Overview of robotic systems
There are a number of 3D concrete extrusion or spray based systems adopted in both research
and industrial applications. These are (adapted from [145]):

• Gantry system. A large frame structure that mimics smaller printing systems. Only three
main movements, translation in x, y, z directions are allowed.

• Delta system. A nozzle hangs from cables that can be raised and lowered enabling
non-linear motion, so a larger printing area can be reached.

• Stationary industrial robotic arm system. Three translation and rotation movements are
permitted increasing printing flexibility.
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• Cooperative small mobile robots. Each robot is able to move on a defined region in a
shared environment with other robots and contribute as a whole to a larger task.

• Mesh mold system. Spraying concrete over a printed mesh. The mesh works as host
formwork to receive shotcrete, which allows curvatures that could not be possible to
obtain using a layer-by-layer extrusion process without formwork.

Figure 5.9: Gantry system [152] Figure 5.10: Delta system [153]

Figure 5.11: Industrial robot arm system [154] Figure 5.12: Cooperative robot [155]

Processing parameters in 3DCP vs. SC3DP

Figure 5.13: Mesh mould system at ETH Zürich
[156]

Fig. 5.14 shows the different processing pa-
rameters involved in 3DCP and SC3DP pro-
cesses. In SC3DP, there are more process
parameters to consider compared to 3DCP. A
large number of these have to be kept in a
constant ratio in order to achieve a homoge-
neous concrete application and acceptable ac-
curacy.

Little is currently known on how much pro-
cessing parameters influence the mechanical
strength of a printed object. Chen et al. [157] showed that time between printed layers and
nozzle distance to target plays has an influence on the resulting interlayer bond strength in
3DCP. For the printing of overhangs Carneau et al. [158] showed how maximising these two
processing parameters can give bigger overhangs. A dome and a Nubian vault was created
as proof. In SC3DP, Dressler et al. [159] showed that deposition rate and printing speed have
nearly linear dependencies on the layer thickness. Spraying distance has a linear influence
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(a) 3DCP processing parameters

(b) SC3DP processing parameters

Figure 5.14: Comparison of processing parameters in 3DCP and SC3DP and their target values

on the layer width and height. Air flow also has a major influence on the material distribution
and therefore the resulting layer geometry and rebound. No full-size structure has yet been
printed to fully understand these effects on a geometry.

Printing resolution, direction and toolpath planning
Other effects that affect a resulting geometry are printing resolution, the direction and toolpath
planning. Little research has studied these in depth. In 3DCP, several different processes
have been developed, which can be divided into three types depending on filament size [160].

• Fine filaments are less than 1 cm in diameter
• Medium fine filaments are in the range of several cm
• Coarse filaments are in the range of several dm

The printing resolution depends on the size of nozzle which in turn depends on the maximum
aggregate size in the mix design as well as project requirements. Fine filaments allow for
higher printing resolution, greater precision and geometric complexity. Larger filaments allow
for higher productivity and use of coarser-grained concrete which reduces the need for cement
and less shrinkage. Three-axis printing devices with filament size of several cm are most com-
monly found in research.

Also in 3DCP, the printing direction affects the compressive and flexural strength due to the
anisotropic behaviour of the material. For the toolpath planning, geometry plays a key role in
the development of an efficient 3D printing process. In 3D concrete printing of architectural
elements, interior of structural elements are filled with ”space-filling” or ”hatching” material
which aims at giving structural stiffness but also material minimisation. Thus different infill
geometries and strategies can be found in research. This is related to the toolpath generation
which have potential for further material optimisation. The toolpath is dependent on the fresh
material properties, the desired hardened properties, processing parameters as described
above, and geometry [135].
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5.4. Design and computational modelling

Numerical models in 3DCP are actively being developed but are at their infancy. There are cur-
rently three known methods developed in 3DCP to model buildability. The first is the method
by Suiker [161] who developed a mechanistic model which considers elastic and plastic buck-
ling. The model was verified by experiments which underestimated the number of layers by
10%. The model is limited to straight wall geometries. An open source tool based on Suiker’s
methodology has been created by Witteveen +Bos using Karamba3D for the FEM analysis.
This method requires data of compressive strength and Young’s modulus over time. The
second method is by Wolfs et al. [116]. This method is based on the Mohr-Coulomb failure
criterion, parameterising the cohesion and angle of internal friction of the material. Mechanical
properties for the numerical model was developed through compression test and direct shear
test. The model and analysis was performed using ABAQUS. The model was verified with ex-
periments and showed to overestimate the number of layers by 25%. However, the model was
able to predict the failure modes of the experiment, elastic buckling and plastic collapse. An
open source tool based on Wolfs et al. is Voxelprint, a plugin for Grasshopper, with FEM out-
put to ABAQUS. The third method is the extended lattice model by Chang, Schlangen, Savija
[162]. This model is based on the discontinuous formulation, which avoids singularity related
issues in continuum-based numerical methods. The model can be used to simulate green
strength and printing process and it takes geometric and material nonlinearity into account.
Imperfections during printing can be implemented in the lattice model. Comparison of numer-
ical model to experiments has not been performed to verify the model. It is important to note
that the current numerical models evaluates buildability, while factors such as imperfections,
plastic shrinkage, creep and other material factors are not considered.

Computational modelling for SC3DP
There are currently no developed computational models for SC3DP. Computational models
developed in 3DCP can be used and extended to SC3DP. Modelling parameters such as flow
rate, air pressure, nozzle distance to target would require computational fluid dynamics and
DEM modelling.

5.5. Challenges of AM technologies with earth building materials

Research into both AM technologies and earth building materials are at their initial stages. Al-
though there have been successful demonstrations combining the material with the fabrication
method. Many challenges need to be overcome for this to become widely implemented in the
future. The main challenge surrounding current earth construction with AM processes is the
lack of material research. Earthen materials when going through an AM fabrication process
requires high water content but little is known about its shrinkage behaviour which will influ-
ence the precision of and quality of the resulting construction. More research into shrinkage
behaviour can allow for higher print accuracy. Due to this, tolerances between -20/+40 mm
is advised for the design of walls. This also leads to difficulties in detailing. Furthermore, 3D
printing of granular materials generally lack larger aggregate sizes. This has an impact on the
durability and erosion of a structure, which needs to be addressed either in the mix design or
post processing of elements.

As construction continues to move toward digital fabrication, traditional design strategies and
geometries need to be reevaluated for the material and process constraints related to the
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fabrication. The challenges here can also be applied for earth materials. In 3DCP, the main
material constraints are the low yield strength of early age concrete and the lack of tensile
strength, which limits the production of non-supported structures i.e. slabs and overhanging
elements. Tensile strength requirements can be enhanced by incorporating reinforcement or
fibres and different strategies has been proposed and is currently researched. Another way
of overcoming this challenge is to optimise the design of a structure to maximise its reliance
on compressive strengths. This requires a fabrication strategy that can enable this, which are
currently being developed and refined [25].

Other current challenges is the development of analysis tools that can integrate both the ma-
terial and process limitations to can enable accurate predictions of fabrication and structural
behaviour of components. These tools will have the potential to expand design flexibilities
even further [25]. Strategies to transition from computer models and small prototypes to full-
scale construction is also being developed. As scale and complexity of structures increase,
appropriate toolpath generation strategies are required. For the printing process, the tran-
sition to large scale construction brings about challenges where Gantry and Delta systems
need to be larger than the structure. Robotic arms might involve large operational costs due
to acquisition of several robots and complex operations to move them around the construction
site. Although 3DCP and SC3DP methods have different processes, similarities can be drawn
between the two techniques. Therefore challenges in 3DCP can be applied to SC3DP and
shotearth 3D printing.



6
Design and Model Part 1:
Defining material models

This chapter aims to define shotearth material for exploring the design space of shotearth
structures. It aims to combine the theory regarding earth material properties with the SC3DP
fabrication method, which can be termed shotearth 3D printing, SE3DP. The process and
assumptions used for the prediction of material models are described and discussed.

6.1. Material and processing requirements for SE3DP

From the previous chapter, it was learnt that both material and processing requirements need
to be taken into account for the definition of shotearth material. Therefore, it will be assumed
that shotearth 3D printed structures take the same material requirements as 3DCP but for
earthen materials, which was researched in depth in Chapter 4, and the same processing
requirements as SC3DP, here termed SE3DP.

Computational modelling of SE3DP
Due to the infancy of current numerical methods to model printed structures, to determine
shotearth structures, the numerical method chosen for this study will follow the Suiker model
where early stress and stiffness development governs the stability of the structure. This is
due to the readily defined tool in Karamba by Witteveen+Bos and the parametric opportunities
within the Grasshopper environment. The Wolfs method using Voxelprint requires access to
Abaqus. Due to the limited access given to students at the TU this option has not been further
investigated. As a result the material prediction will follow the requirements from this modelling
tool.

Knowledge of fresh properties from literature
The studies found on unstabilised 3D printed earth and clay materials suggest that the material
when going through a 3D printer resembles traditional cob, adobe, earthen mortar or poured
earth. Both Perrot [137] and Gomaa [17] compared the rheology and properties of their 3D
printed earth-basedmaterial to traditional cob due to the high water content in both mixes. This
ensured extrudability when passing through a robotic nozzle. Therefore, printed earthen ma-
terials can be assumed to be close to the liquid limit on the water content scale and shotearth
can be assumed to be the same. Fig. 6.1 shows common earth building techniques according
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Figure 6.1: Water content of different earth building applications and where printed earth is assumed to be

Table 6.1: Mechanical properties of unstabilised (Perrot and Gomaa) and cement stabilised printed earth (Curto)

to their water content and where printed earth is assumed to be. The figure assumes that all
building techniques has the same soil composition. For time-dependent behaviour, Perrot is
the only study found that measured the stress and stiffness over time.

Cement is the most common stabiliser in earth building materials and is most effective when
the clay fraction is at a minimum. The one study on sprayed earth has been stabilised with
cement and is the only study that gives any indication of shotearth material properties. How-
ever, no information is given on its fresh properties. Given that the material requires a similar
consistency to 3DCP, cement stabilised poured earth is the closest in this aspect. There are
no studies that describe its time-dependent behaviour and also no studies on 3D printed ex-
truded earth material with cement stabilisation. The latest progress in the study of early age
material behaviour of 3DCP can be taken as an informed assumption for possible early age
behaviour of shotearth with cement stabilisation.

Knowledge of hardened properties from literature
Hardened properties have been measured by Perrot and Gomaa for the unstabilised earth
based on the extrusion method after at least 1 day and by Curto based on the spraying method
after 28 days, see summary of these in Table 6.1. Integration of fibers and reinforcement to
enhance tensile properties will not be considered in this work.
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Knowledge of processing parameters from literature
The processing parameters of SC3DPmay be applied to SE3DP. The projection of the material
via compressed air ensures a high degree of compaction of earth materials. When comparing
the three digital fabrication methods for earth materials, robotic rammed earth, earth extrusion
and sprayed earth, it can be assumed that in terms of compressive strength, SE3DP will be
higher than the extrusion method but lower than the robotic rammed earth method. In terms
of geometric freedom, SE3DP is more controlled than the earth extrusion method but more
free than robotic rammed earth, potentially resulting in more geometrically complex elements
compared to both [133].

6.2. Defining material models for Shotearth 3D printing

6.2.1. Stress and stiffness over time development
In AM, analysis of material development data for the adaptation to a fabrication process is
needed but not always available. In this regard, the stress and stiffness development of two
forms of shotearth; unstabilised shotearth and cement stabilised shotearth will be predicted
and assumed based on the information presented previously on the fresh and hardened prop-
erties. The unstabilised shotearth will be based on the data from Perrot and properties gath-
ered for unstabilised rammed earth (URE) from Chapter 4, section 4.4. The cement stabilised
shotearth will use the hardened properties from Curto as the target values for a mathemati-
cal function that can describe its time-dependent behaviour. The mathematical functions will
come from existing models developed in conventional shotcrete and concrete standards. The
results will show a lower and an upper boundary prediction of these materials.

6.2.2. Unstabilised robotic shotearth
The assumption for unstabilised shotearth is that its compressive strength lies between 3D
extruded earth and URE. This stems from the prescribed influence of the processing parame-
ters.

Assumed physical properties
Dry density of 3DP earth measured in Perrot was 1750 kg/m3 and in Gomaa 1835 kg/m3.
Average dry density in URE is 2200 kg/m3 according to the review by Avila et al. [41]. There-
fore, dry density for shotearth is assumed to lie between these bounds which also results in
the compressive strength to lie between these bounds. Fig. 6.2 shows the assumed water
content range of shotearth material in relation to the plasticity index. Fig. 6.3 shows a proc-
tor curve that assumes dry density and moisture content of shotearth relative to URE and 3D
printed earth. Assuming same soil composition, shotearth is thought to be close to 3D printed
earth mainly based on water content.

Defining the boundaries
As shotearths dry density and compressive strength is between the bounds of 3D printed earth
and rammed earth, the strength and stiffness developments over time of these two construc-
tion methods have been found. Fig 6.4 and 6.5 show the actual data points from Perrots study,
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where yield stress and stiffness, for a mix with alginate and one without, over a time period of
20 and 10 days respectively have been plotted. Only the mix without alginate, unstabilised, is
of interest for the lower boundary definition.

For the upper boundary definition, which is assumed to be URE, Fig 6.6 and 6.7 shows the
assumed strength and stiffness gain of URE together with Perrots unstabilised data. No ac-
tual data exists on the stress and stiffness developments over time for URE, so the curves are
based on assumptions. For the strength development, assuming that the URE soil composi-
tion is similar to Perrots, through comparison of the water contents known, Perrot measured
a water content of 45 %, while from Avila et al. [41] overview of URE properties, it was found
that URE water contents typically range between 8- 13 %. This means that URE has less than
a third of the water content as 3D printed earth, and also means that URE is going to gain
strength quicker than 3D printed earth. Now assuming that both mixes have been exposed
to the same environmental conditions during drying, usually at 50% RH and 20◦C. The data
from Perrot suggests that the material has gained most of its strength at around 166 hours, 7
days, after printing as the curve plateaus afterwards. URE is then assumed to have gained
most of its strength at around a third of that time, which results in 2 -2.5 days. Comparing
the strength overview from Avila in Table. 4.7 and a few earth construction guides, mainly the
German Lehmbau Regeln, whose standard limit is between 2 -3 MPa, URE can be assumed
to reach a target strength of 2.5 MPa. The strength at the beginning of ramming is assumed
to be at 0.5 MPa.

For the stiffness development of URE, it is assumed to develop the same way as the strength,
a linear increase until it plateaus, as Perrots data suggests a similar development. Perrot and
Gomaa measured values between 15-22.9 MPa, while Avila found values ranging from 60 -
1000MPa, Table 4.7. The big scatter in these numbers can be due to varying soil compositions
and testing procedures. It is therefore unknown or impossible to know the stiffness of URE.
As a result, the upper bound target stiffness was taken as 60 MPa as it is the closest one to
Perrot and Gomaa’s measured range. It has not been possible to find a value for stiffness at
the beginning of ramming earth. Therefore the curve starts at the same value as Perrots.

Proposing shotearth strength and stiffness development
Now that the upper and lower bound limits have been defined based on the information avail-
able from literature, a curve is proposed for the unstabilised shotearth within these limits. For
strength, the shotearth target strength is set at 2.4 MPa as the upper and lower bound limits
are quite close. Just above 2.25 MPa reached by Perrot and just below 2.5 MPa assumed for
URE. A linear interpolation was reached through the assumption that 95 % of strength will be
reached at 7 days, roughly the same time as Perrots. The starting strength is assumed to the
same of as Perrots.

For the proposed stiffness curve, as shotearth is assumed to have a similar water content as
Perrot, but higher compaction due to the high compaction energy from the compressed air of
the spraying mechanism, the stiffness is set at a target at 25 MPa. This is an arbitrary target as
stiffness is not widely understood in earth materials. Therefore, a lot of uncertainty is involved
in the assumed URE and proposed shotearth stiffness developments. Fig. 6.8 and 6.9 show
the result of the proposed strength and stiffness developments of unstabilised shotearth. For
detailed calculations of all curves, see Appendix C.
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Figure 6.2: Assumed range of SE3DP relative to plasticity index based on data gathered

Figure 6.3: Assumed maximum dry density (MDD) and moisture content (Wopt) of unstabilised robotic shotearth
relative to rammed earth and 3DP earth, assumed same soil composition.
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Figure 6.4: Yield stress data from Perrot (adapted from Ref [137])

Figure 6.5: Stiffness data from Perrot (adapted from Ref [137])
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Figure 6.6: Strength: upper and lower limits of unstabilised shotearth

Figure 6.7: Stiffness: upper and lower limits of unstabilised shotearth
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Figure 6.8: Stress: Proposed shotearth relative to the bounds

Figure 6.9: Stiffness: Proposed shotearth relative to the bounds
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6.2.3. Cement stabilised robotic shotearth
The assumption for cement stabilised shotearth, also termed shotearthcrete, is that its strength
and stiffness development is between 3D concrete extrusion and 3D concrete spraying.

Prediction of early age development
As described earlier, the study of Curto et al. is the only published paper on sprayed earth
which gives some indication on its mechanical properties. However, the measured values
are tested after 28 days of casting cube specimens. Therefore, the approach to predict
shotearthcrete is different from the approach for the unstabilised shotearth. Rather than find-
ing a range of values where shotearthcrete may be, it is assumed that the values of Curto are
the target values that can be achieved. The mix design used in the study contains 7 parts soil,
7 parts sand and 2 parts cement, which results in the mix containing 14 % cement by weight.
This is within the range of normal concrete which usually contains between 10 -15 % cement.
Therefore, the mix can be partly regarded as concrete.

The attempt to predict the early strength of this mixture has been made through looking into ex-
isting conventional concrete codes and shotcrete models used in tunnelling as well as geotech-
nical models. The inspiration to do this comes from the fact that shotcrete strength develop-
ment for tunnelling is an active field of research. Soil stabilisation in geotechnical engineer-
ing is common practice and well documented. Fig. 6.10 and 6.11 show the results of the
strength and stiffness development prediction from two concrete models defined in Eurocode
2, American Concrete Institute (ACI) and four shotcrete models defined in the CEB-FIP code
and authors, Aldrian (1991), Weber (1979), Chang (1994). From the two figures it can be
seen that the ACI model vastly overestimates both the target strength and stiffness while the
other models are more accurate in reaching the target of 9.5 MPa strength and 9707 MPa
stiffness. Therefore, the ACI model is not considered any further. Two other shotcrete models
by Golser (1990) and Aydan (1992) were also calculated but given that these models vastly
underestimated the 28 strength and stiffness, they are not plotted. Other shotcrete models
found required data measurements after 1 day, and therefore not used. If more data is known
it could be interesting to plot these as well. The equations that describe these developments
can be found in Appendix D.1 along with the ones that could be interesting for further work.

No relevant geotechnical models or research in soil stabilisation, soil reinforcement, soil-cement,
and cement treated soils (keywords searched) were found due to a large variation in the mate-
rials studied. Strength models are most important and more commonly measured over a long
period of time, up to 200 days, due to interest in foundation and road construction design.

Fig. 6.12 and 6.13 shows all models zoomed in to early ages between 0 -120 min. It can be
seen that a big scatter of developments are found. For the strength development the predic-
tion scatter is between 0.0022 MPa (Weber) and 0.61 MPa (Aldrian & Müller). For the stiffness
it is between 228.46 MPa (Weber) and 3582.91 MPa (Eurocode 2). The scatter in develop-
ments can be explained by the fact that these models were not designed to describe early age
concrete but rather concrete age between 3 and 28 days. Moreover, they are formulated to
describe normal strength concrete which is usually between 20 -60 MPa.
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Figure 6.10: Assumed strength of cement stabilised robotic shotearth

Figure 6.11: Assumed stiffness of cement stabilised robotic shotearth
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Figure 6.12: Strength predictions from concrete and shotcrete models

Figure 6.13: Stiffness predictions from concrete and shotcrete models
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Fig. 6.14 shows the original stress data from Suiker measured for 3DCP [161] and Dressler
measured for SC3DP [163]. Fig. 6.15 shows the stiffness data from Suiker and assumed stiff-
ness development from Dressler’s stress data. Dressler did not have this data and therefore
the stiffness has been assumed by multiplying the stress with the difference of Suiker’s data,
using the following:

EDressler = σDressler ∗
σSuiker
ESuiker

(6.1)

From this data it can be seen that for 3D printed concrete and shotcrete have strength is be-
tween 0.02 and 0.11 MPa and stiffness is between 0.2 and 1.1 MPa in the early age. See
Appendix D.2 for calculation details.

Fig. 6.17, 6.18 shows the all the models found in literature compared to the early age data of
Suiker and Dressler. It can be seen that for stress, the CEB-FIP and Chang models fall within
the two early age developments and that Weber’s model is very close to Suiker’s. However,
for stiffness, all models predict too high values. The ”best” prediction is the one by Weber but
the value is a magnitude of 103 higher than both Suiker and Dresslers data. From this, it can
be concluded that the formulas from conventional concrete and shotcrete codes cannot be
used to describe the early-age developments that are required.

This conclusion is further backed up in Fig. 6.16. In shotcrete for tunnel lining, ASCCT (2004)
defines three early strength classes J1, J2, J3 for early-age shotcrete, where [164]:

• J1: for application of thin layers on dry surfaces. Not meant for structural use.
• J2: for application of thick layers on vertical or overhead surfaces with structural use.
• J3: only used when absolutely necessary due to high dust production and rebound

Figure 6.16: Shotcrete in tunnelling compressive strength development

Fig. 6.16 shows the minimum strengths for each class. By comparing J2 to the data presented
in Fig. 6.14 and 6.15, it is seen that the shotcrete overestimates the strength.

Due to the too high predictions of these models in the early age, another approach had to be
taken to give a better prediction of the development. In Fig. 6.19 and 6.20, it can be seen that
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Figure 6.14: Stress data from SC3DP and 3DCP

Figure 6.15: Stiffness data from SC3DP and 3DCP



6.2. Defining material models for Shotearth 3D printing 75

Figure 6.17: Comparison of strength development

Figure 6.18: Comparison of stiffness development
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Perrots alginate stabilised mix lies between both Suikers and Dresslers measurements. Orig-
inally it was intended to assess alginate stabilisation seperately. However, very little literature
on alginate stabilisation exist. One of the few by Galan-Martin [165] suggests that the mechan-
ical characteristics of alginate and cement stabilisation are similar. Based on this statement
and comparing the alginate data from Perrot with Suiker’s and Dressler’s in the early ages
0-120 min. It is seen that the strength development of alginate earth is higher than Suiker’s
but lower than Dressler’s. Therefore, shotearthcrete can be regarded as close to or follow the
same development as Perrot’s with alginate. The strength and stiffnes development of Curto’s
shotearthcrete is assumed to be between Suiker’s and Dressler’s in the early ages.

Figure 6.19: Stress data from SC3DP and 3DCP compared to alginate stabilised earth

Figure 6.20: Stiffness data from SC3DP and 3DCP compared to alginate stabilised earth
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Curvefitting
As the early-age strength is now assumed to be between these two boundaries, and the con-
clusion for the conventional concrete models are that they are more appropriate to predict
strength and stiffness gain between 3 and 28 days, as they are usually intended for. This
results in a ”gap” in the development in the time between 2 hours and 3 days. A proposed
method to fill this gap is through the use of a first order differential equation. This function has
a curve found in Fig. 6.21 and the following equation:

y(t) = K
(
1− e−

t−θ
τ

)
(6.2)

where:
K –the value the function approaches
θ –the value that crosses the x-axis
τ –the value that describes how quickly it approaches the asymptote, K

Figure 6.21: Shape of the first order differential function

This first order differential equation is proposed due to the fact that it follows the form of conven-
tional concrete strength development over 28 days. As data for early-age strength between 0
-2 hours and later age strength between 3 -28 days is known, the function can easily be applied
to predict the strength development between 2 hours and 3 days. Fig. 6.22 -6.25 shows the
prediction of strength and stiffness in this time gap, visualised logarithmically by the orange
dots. The lower bound strength and stiffness comprise of Suiker’s early age development and
the prediction model by Weber (1979) for the later age. The upper bound strength and stiff-
ness comprise of Dressler’s early age development and the prediction model by CEB-FIP for
the later age. To find the best fit for e.g. the upper bound stress development, first, time steps
were added between 90 min. and 4320 min., representing 3 days. Then the values of K, θ
and τ was determined. K was set to 9.5, as this is the target strength the function needs to
approach, 9.5 MPa. θ was set to 80, as in the time step 80 min. As Dressler’s data only goes
to 90 min., the time step could start at 90 min. but it was found that a better fit curve was found
at θ = 80. τ was varied between 1000 -6000. The value is varied to see how quickly it would
approach the stress at time 4320 min., 3 days. τ = 3500 was determined resulting in the best
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fit. The same procedure was taken for the other models, see Appendix D.3 for calculation
details. The final equations found to fit between early age and later age strength and stiffness
are the following:

Equation for stress upper bound:

y(t) = 9.5
(
1− e−

t−80
3500

)
(6.3)

Equation for stress lower bound:

y(t) = 9.5
(
1− e−

t−120
6000

)
(6.4)

Equation for stiffness upper bound:

y(t) = 9707
(
1− e−

t−80
3500

)
(6.5)

Equation for stiffness lower bound:

y(t) = 9707
(
1− e−

t−120
4000

)
(6.6)

Result of shotearthcrete material prediction over 28 days
The final results with the curvefitting are shown in Fig. 6.26, 6.27, where the full 28 day model
for upper and lower bound developments are visualised.

6.2.4. Discussion on results
Only the properties of strength and stiffness were considered. Other material parameters
such as shear, tension, bending and effects such as shrinkage and fracture mechanics is not
considered. 3D printed simulation tools are not yet developed to consider further material
effects.

Unstabilised shotearth
From chapter 4, it was determined that the strength of raw earth materials depend on the
type of soil, its composition; percentage of clay, silt, sand/gravel, its water content and the
compactive energy applied. The mineralogical makeup and activity of the clay fraction along
with its interaction with water is especially important to understand when determining mechan-
ical strength and stiffness. In the procedure to predict strength and stiffness, soil composition
was not taken into account as this was impossible to do. The statistical data gathered for 3D
printed earth is only based on Perrot and Gomaa as these were the only two published papers
with measured mechanical properties. The two papers uses two different earth mixes, Gomaa
even included fibers, which changes the requirements for water content. Gomaa’s mix is com-
posed of 20 % clay, 80 % sand/gravel, 20 -25 % water, 2 % fiber (30 -50 mm wheat straw)
by weight. Perrot offers more details in the mix, a fine soil from Saint-Sulpice-La-Forêt with
a particle distribution showing 60 % of particles finer than 10 µm, the clay fraction consists
of quartz, kaolinite, illite and smectite minerals. Plasticity index of the soil was 21 with 45 %
water content. Data gathered for URE by Avila was even more varied. Densities were found
between 1650 and 2150 kg/m3 and clay content between 4 -20 %. Due to this wide range
of soil compositions, the only solid parameter to base the assumption of URE and shotearth
on was water content. Average compressive strength and stiffness values for both 3D printed
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Figure 6.22: Curvefitting for upper bound strength

Figure 6.23: Curvefitting for lower bound strength
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Figure 6.24: Curvefitting for upper bound stiffness

Figure 6.25: Curvefitting for lower bound stiffness
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Figure 6.26: Results of the strength development over 28 days

Figure 6.27: Results of the stiffness development over 28 days
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earth and URE were set as targets. All soil compositions were assumed to be the same. How-
ever, the limitation of this approach is that different soils have different natural water contents
and will also require different amounts of water to reach a consistency that satisfied a robotic
fabrication process. Therefore, in order to validate the proposed shotearth material, the same
soil from Perrot will have to be used and tested. This is tedious and unpractical.

A big uncertainty in the results is the stiffness development. No information is available that can
solidly describe the stiffness behaviour of earth materials as compressive strength is usually
the most important parameter. Stiffness’ measured from Perrot and Gomaa are relatively
similar, 15 -20 MPa, despite their different soil compositions and water content. Stiffness’
measured in Avila show a big range between 60 -1000 MPa making it impossible to predict
where stiffness for shotearth could be. This is made even more uncertain due to the large
variation of testing procedures when measuring earth mechanical properties. The only solid
assumption is that both strength and stiffness is higher than that of 3D printed earth simply due
to the higher compaction energy from air pressure used in the shotearth fabrication process.
Therefore, the proposed stiffness for shotearth was targeted at 25 MPa, higher than 15 -20
MPa for 3DPE but this is largely an arbitrary value. The proposed strength for shotearth is
more certain and targeted at 2.4 MPa just inbetween URE and 3DPE as the boundaries were
found to be closer together. Based on existing literature and understanding, the results are
the best attempt at quantifying unstabilised shotearth strength and stiffness development from
early-age to 20 days. For better predictions, more testing and validation is strictly necessary
to get a better understanding of both parameters. Especially a correlation between stiffness
development and water content or density is desirable.

Cement stabilised shotearth
The prediction of early-age shotearthcrete is based on data from concrete printing as noth-
ing on cement stabilised earth printing can be found. The results are therefore based on the
gross assumption that shotearthcrete will develop in the same manner. The target strength
and stiffness of the concrete printing data is unknown as this was not the goal of the origi-
nal studies. However, given that printed concrete structures can reach hardened properties
similar to casted concrete, the target strengths are likely around 20 -40 MPa. This perhaps
suggests that the early-age data used overestimates actual cement stabilised printed earth.
This can only be verified through testing.

Furthermore, looking closer at the results of Curto, the actual soil profile is unknown and is
vaguely described as containing 7 parts sand, 7 parts soil and 2 parts cements, resulting in 14
% cement content by weight. Therefore, replicating this fabrication procedure with a similar
soil will not guarantee the same mechanical properties. As cement stabilisation is mostly
used in rammed earth, which can be regarded as a low strength concrete, as can Curto’s
shotearthcrete, comparing the mechanical properties of Curto to existing CSRE data can be
done, see Table 4.6. When comparing this data, two observations were made. First, CSRE
studies rarely uses up to 14 % cement, most CSRE experiments contain 5 -12 %. Second, a
big variation of results can be found. The closest comparisons found of compressive strengths
are measured at 9.80 to 26.85 MPa for 11 % cement by King [71] and 4.95 -7.44 MPa for 10 %
cement by Reddy [73]. Reddy’s results are perhaps the most reliable for this comparison as
Reddy is one of few people currently researching cement stabilisation. King’s results are from
1996 and in the past different practices were used. Curto’s results are within these ranges
but shows that it cannot be guaranteed that shotearth will reach the target values predicted
due to uncertainty in the material. Replicating the same procedure might give very different
results. As previously seen in chapter 4, mechanical properties, depending on cement content
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Figure 6.28: Comparison of Curto’s results to Houben & Guillaud.

and soil composition, compressive strength varies. Fig. 4.15 shows Curto’s results compared
to Houben & Guillauds graph showing the relationship between compressive strength and
cement. It can be seen that depending on the soil and especially clay content, compressive
strengths can vary between 4 and 17 MPa. Cement and clay don’t work well together and
there is currently not much knowledge in how these interact and how it will affect the overall
behaviour. An assumption of Curto’s soil profile can be that the clay content is about 4 %. This
is based on the fact that the 7 parts soil contains about 10 % clay, which has been diluted with
the same amount of sand and then added some cement. However, this will have to be tested.

6.2.5. Discussion on procedure
The results reached for the unstabilised and the cement stabilised shotearth models show a 20
and 28 day development respectively. Really only the early-ages between 0 -2 hours is neces-
sary as this is the most critical time frame for printed structures. The developments beyond 2
hours can be useful for construction planning but this is not considered in this work. Moreover,
the results were obtained following two different approaches. The first one is largely based
on the theory of earth materials and soil mechanics where the prediction is kept at a range
of where strength and stiffness could be. The second one follows theory in concrete science
where the prediction is aimed at reaching one target strength and one target stiffness. This
makes it perhaps unreasonable to compare the resulting constructions. A better approach
would be to also vary the cement stabilised shotearth to predict a lower bound target and an
upper bound target. From chapter 4, mechanical properties, it was found that cement sta-
bilised rammed earth strength varies between about 2 MPa to 27 MPa. Taking this approach
would become challenging when assuming targets for stiffness as many studies in cement
stabilisation have not measured this property. Performing this prediction without testing would
be almost impossible to do with the limited information available.



7
Design and Model Part 2:

Assessment of shotearth structures

This chapter describes the fabrication and structural performance of a monolithic earthen wall
and two arched structures using the material models found in the previous chapter. The chap-
ter aims to explore the possibilities of creating a compression-only structures with sprayed
earth and describes the considerations taken during the design process. An assessment of
suggested dimensions and fabrication time of the structures are given. Finally, a discussion
on the structural safety, material models and modelling method is provided.

7.1. Structural design of earthen wall structures

3DCP has been related to masonry structures for structural design, as suggested by Duarte et
al. [145]. Other who have referred to this are Pegna [167], ”3D printing is a new approach to
masonry,” and Khoshnevis [119], ”possibility of 3D printing for construction of barrel vaults with-
out external supports.” Therefore, it can be assumed that the shotearth construction method
is linked to unreinforced masonry.

SE3DP as unreinforced masonry shells
Unreinforced masonry elements were the first building components to create shell structures.
They have evolved from sun-dried bricks and mud to fired bricks and cement mortar. They
were used to create different structural and architectural forms and the analysis of these can
be termed masonry shells. From a structural point of view masonry is a homogenous and
isotropic material. The strength is limited by its weakest joints, therefore the load-bearing
capacity largely depends on the mortar strength. Unreinforced masonry is a compression
material where tension may lead to cracking and accelerates the deterioration of the walls.
Compressive strength is generally far stronger than the loads placed on it. Unbaked bricks
can achieve 5MPa in compressive strength which would allow a hypothetical 200 m high tower
in earth before the bricks at the bottom begin to crush. Applying a safety factor of 10 against
crushing would allow for 20 m high earthen walls. Stiffness is rarely an issue in masonry struc-
tures as the low stresses account for very small displacements due to elastic deformation of
the material. Strength and stiffness are of negligible importance in the design of masonry
structures but stability is of paramount importance.

84
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Existing earth wall design guidelines from different countries have recommendations for di-
mensions and slenderness requirements for earthen walls. However, these all consider dry
method constructions e.g. rammed earth and earth masonry, see Appendix E.1. In 3D print-
ing, no design guidelines exist as experimental research focus on optimising material and
printing parameters to maximise buildability, maximum dimensions able to be printed.

7.2. Structural design of earthen arch structures

The construction of compression-only structures such as arches, vaults and domes using
earthen materials as masonry elements can be traced back to ancient times. Much can be
learnt from traditional methods of brick layering with the newest methods of 3D printing either
by extrusion or spraying. Existing earth masonry structures of these shapes prove that earth
construction is capable of creating architectural spaces that match the longevity and durability
of any contemporary building material when properly designed.

Why design earthen vaults and domes?
The majority of structures are linear box-like structures with a flat or pitched roof. These struc-
tures are functional and appealing but wasteful of materials and do not optimise for stresses.
Optimal structures are curved and comprise of shells, tubes and arches. Earthen materials
are strongest in compression and weakest in tension. This makes earthen arches, vaults and
domes particularly interesting shapes to explore with this material.

However, earthen arches, vaults and domes also present unique challenges. Designers must
accept the limitations inherent to the material, which include low strength and low durabil-
ity compared to contemporary materials. Methods to design structurally efficient shapes for
earthen arches, vaults and domes are largely unknown in the contemporary structural en-
gineering community as building codes do not accept earthen vaults as a viable structural
system.

Shells
Shells are structures that enclose spaceswith a smooth continuous surface (vaults and domes).
The definition of a shell is ”a thin, curved plate structure shaped to transmit applied forces by
compressive, tensile, and shear stresses that act in the plane of the surface.” Due to their cur-
vature, they have the advantage of being efficient load carrying structures, have high strength
to weight ratio and have high stiffness.

In masonry earthen arches, compressive force resultants should remain in the middle third
of the masonry at the base of the structure. Safety factors should account for variable soil
composition. Elements should be designed to resist loads during construction and the fin-
ished structure. As arches, vaults and domes derive strength from their geometry, individual
elements often experience greater loads during construction than when complete. The fin-
ished project must be protected from moisture. Due to high self-weight and low compressive
stresses, unreinforced masonry vaults are typically a problem of stability rather than strength.
When analysing these types of structures, three criteria needs to be fulfilled.

• Strength: comparison of applied stress to the capacity of the construction materials.
• Stiffness: limitation of deflection.
• Stability: prevention of buckling.
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The type of forces applied to the structure produce different levels of stress. Expensive forces
are bending moments and shear forces. These produce high concentrations of stress along
the member surface and more material is required to resist these forces. The most economi-
cal forces are the in-plane forces, forces that travel along its axis. Depending on support fixity
and type of load, the level of stress can be reduced by as much as 90 % if bending is avoided.
The most economical way of resisting stress is to avoid bending and shear forces. In shell
structures, the stress flow is graphically represented by a thrust-line, which is the centre of the
stress flow and can be compared to the centroidal axis of the shell. Most efficient structures
are those in which the thrust-line matches the axis of the structure. A mismatch can cause
bending and tension in the shell. The only shell that is free of bending is the catenary [166].

For shotearth, onlymain difference is the consideration of the time-dependent behaviour where
the early age material and construction method is crucial for both stability and strength of the
geometry. Constazi et al. [168] and Carneau et al. [158] have demonstrated the ability and
material limitations of printing overhangs and compression only structures in 3DCP. Printing
overhangs using SC3DP have been demonstrated in [132]. However, the angle of overhang
has not been quantified.

7.2.1. Roman, Nubian and Corbelling techniques
There are different layering techniques to different types of vault structures. These are can
be termed roman, nubian and corbelling. Roman is laying each brick vertically such that they
eventually meet the top. Nubian is laying the bricks at an incline such that each brick layer
supports the next brick layer. Corbelling is laying the bricks horizontally such that the center
of gravity is always at the center and they eventually meet at the top. A schematic of the three
most common brick laying techniques can be found in Fig. 7.1.

Figure 7.1: Roman, Nubian and Corbelling layering techniques used in masonry structures (adapted from Ref
[145])
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Formwork
The construction of vaults and domes in masonry traditionally involved temporary supports
during construction to maintain stability until the final shape was formed. With the viscous
behaviour of 3D printed materials this poses a challenge to the fabrication of overhanging
elements. Some methods to overcome this has been to implement flexible moulds for 3D
printed shells to act as formwork, as previously mentioned the 3D printed clay shells. Another
solution to avoid formwork is to optimise the fabrication process.

7.3. Design of shotearth structures with shotearth 3D printing

The previous chapter showed the development of the material models with the consideration
of the SE3DP fabrication method. As mentioned, due to the novelty of the method, the com-
putational design tool developed by Witteveen +Bos for 3DCP, which is based on Suiker’s
method, will be used and extended for SE3DP to assess the structural build-up.

7.3.1. Model setup
The Witteveen +Bos model uses the parametric modelling programme Rhino with Grasshop-
per and the structural analysis plug-in Karamba to analyse for its stresses. The full model
setup can be found in Fig. 7.2.

Karamba3D structural analysis
Karamba3D is a parametric structural engineering tool integrated into the Grasshopper envi-
ronment. The tool can perform structural analysis of spatial trusses, frames and shells. The
tool is geared towards architects and engineers in the early design phases and works interac-
tively with Rhino and other plug-ins for Grasshopper. Karamba provides a basic finite element
package and Fig. 7.3 shows the type of analyses available. The tool is confined to linear elas-
tic calculations where the calculation of element stiffness matrices can be done without the
need for numeric integration which greatly reduces computation time. In this work, a stress
analysis and a buckling analysis will be performed on structures modelled as a shell. The shell

Figure 7.2: Model setup for wall structure
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Figure 7.3: Functions and types of analysis of Karamba

element formulation in Karamba is based on the TRIC element with 6 DOFS per node and a
constant strain state is assumed for each layer. No in-plane rotational stiffness is added as it
is based on Kirchhoff theory.

7.3.2. Processing parameters considered
The table in Fig. 7.4 shows the processing parameters involved in SC3DP (assumed to be the
same in SE3DP). The corresponding value for each parameter have previously been applied
in the reinforced curved wall study by [131], seen previously in Fig. 5.7. Due to the limitation
of the computational tool used only the highlighted ones from the table in Fig. 7.4 will be
considered in this study, as seen on the right with the number sliders. It will not consider the
variation of the other print parameters, aside from the printing speed, which will vary between
1000 and 6000 mm/min. The influence of this parameter on the resulting structures possible
to be constructed will be evaluated. Thus the layer height and width will be kept constant at
0.02 m and 0.15 m respectively.

Figure 7.4: Left: Processing parameters assumed and applied for SE3DP, only rows marked in yellow is
considered in the design tool. Right: Printing parameters considered in the tool where only layer count and

printing speed is varied
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Other simulation assumptions
Other simulation assumptions considered in the analysis is a continuous print without form-
work. This means a short interlayer time between layers is considered, however not quantified.
Printing of layers will continue once the printing of the previous one is complete. Maximum
structural dimensions will be evaluated with minimal or no formwork.

7.3.3. Material models
The results of the material models have been input into the material definition component in
Karamba through equations. From the results found in Chapter 6, a linear or polynomial re-
gression, depending on which was the better fit (returned the highest R value), in Excel was
performed to find an equation that described the strength and stiffness developments. The
resulting equations have then been scripted as if -else statements in the GHPython script
component. This means that depending on the time it takes to print, the model will use the
appropriate equation to determine the aging of the material. An example is found in Fig. 7.5.
Units in Karamba is kN/cm2, therefore all the equations found have been converted to fit these
units. See Appendix E.2 for functions and python conditionals for all material models.

The other parameters required for the material definition are specific weight (gamma), which
is defined at 20.3 kN/m3. This is the general specific weight for soils, and is similar to that of
concrete. The coefficient of thermal expansion (alphaT) is kept at 0.00001, same as for normal
concrete, as there is no information that could be found for this value for soils. However, ther-
mal effects are also not considered in this analysis. These specific weight and coefficient of
thermal expansion are kept constant in all the following experiments. The only variables input

Figure 7.5: Linear regression in Excel to GHPython conditionals
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into the component are yield strength (fy), Young’s modulus (E) and shear modulus G12 for
in-plane and G3 for transverse. As a results, each layer will get a different, strength, Young’s
and shear modulus depending on the time it takes to print this layer.

For shear modulus, a Poisson’s ratio of 0.22 is used for the unstabilised cases, found in Perrot,
and 0.1546 for the stabilised cases, found in Curto. The shear modulus (both transverse and
in-plane) has been found with the following relationship:

G =
E

2(1 + v)
(7.1)

As a result the Young’s modulus has been divided by 2.44 when assessing the cement sta-
bilised cases and 2.3 when assessing the unstabilised cases for the shear modulus values.
For the proposed shotearth model in Fig. 6.8 and 6.9, no analysis has been performed as it
has been made to fit within the bounds of 3DPE and URE and therefore obviously will result
in wall heights that fit within the boundaries.

7.3.4. Analysis
In this work, geometries defined will be analysed as shell structures. A stress analysis will
be performed utilising the Analyze THII component. A buckling analysis will be performed
utilising the Buckling Modes component. The stress analysis method utilises second order
theory based on small deformations. Compared to first order theory, second order theory
counts the influence of in-plane forces in shells which influences the structures stiffness and
redistributes stresses in a section. In small deformations or small strain theory, strains and
rotations are both small, which means the undeformed and deformed configurations of the
body can be assumed identical. This theory is often used in the analysis of deformations of
materials exhibiting elastic behaviour e.g. concrete and steel. Although both concrete and
steel fail in an non-linear way, they are usually designed considering linear elastic properties.
In other words, the analysis performed will consider geometrical non-linearities but thematerial
models defined are linear.

Stress and buckling check
Stresses of a 3D printed, extruded or sprayed, component requires evaluation of its elements
(each layer) under combined axial load and imperfections caused by the printing. The geome-
tries defined will increase as a result of growing dead weight loading. The initial low strength
and stiffness properties of printed material is critical during manufacturing and needs to be
ensured against failure. This means that the section capacity of each layer can be governed
by either material yielding or local buckling of the shell structure. The compressive stress
capacity of a layer can be evaluated as:

σc,max > min
(
σmat , σbuck, loc

)
(7.2)

Stresses at the first layer are governing for material yielding while stresses in subsequent
layers govern local buckling. In this analysis, structures were checked against ultimate limit
states. For each printing time (1000 -6000 mm/min), the time it takes to print e.g. 10 layers
has been checked against each respective yield strength equation from the material models to
determine the maximum allowable stress. This maximum allowable stress has been checked
against the principal stresses 1 and 2 from the shell view component in Karamba. Principal
stress 1 is the larger of the two and the maximum value has been taken into account (tension),
while principal stress 2 is the smaller of the two and the minimum value has been taken into
account (compression). For the buckling check, when the buckling load factor (BLF) is above
1, it has passed the check.
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Influences on the analysis
Processing parameters that affect these failure mechanisms are the curing properties of the
printed material, the printing velocity, the geometrical features of the object, the strength and
stiffness characteristics, the non-uniform dead weight loading, and the presence of imperfec-
tions. Only the influence of the printing velocity has been considered in this analysis. The
influence of the other parameters will be discussed in Section 7.4.4 and 7.5.4.

7.4. Monolithic shotearth wall structure

For the evaluation of a monolithic shotearth wall structure, the different material models at
varying printing speeds will be simulated. The reason for modelling the wall first is to get
an idea of the wall heights that can be achieved from the different material models and the
influence of printing speed on the geometry. The wall model is also certain to only contain
in-plane stresses and axial forces which can be verified against existing literature to see how
accurate the model is.

7.4.1. Wall geometry and element definition
A wall geometry of 1.0 m in width and 1.0 m in height is defined. Each printed layer is set to
be 0.020 m in height and 0.15 m in width as seen in Fig. 7.6. The geometry is then converted
from a surface to a mesh, where the UV count in the mesh component is set at 1 and 100
respectively. The UV count determines the resolution of the mesh in the x,y directions. This
means each layer (U = 1) is divided into 100 triangular elements (V = 100). For the analysis, the
mesh is defined as shell elements, where it is only possible to get the stresses and moments
in the centre of each element in the principal directions as this is how Karamba is built.

Figure 7.6: Left: Wall geometry and dimensions. Right: triangular shell elements

Boundary conditions and loads
All translations and rotations are fixed at the bottom of the wall, the interface between print
surface and first print layer. An initial stress state corresponding to the gravity load has been
applied to the structure. This will be the only load considered as this is the same as printing
in an enclosed lab facility.
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7.4.2. Analysis check

First order analysis check
A simple hand calculation has been done to check the outputs of Karamba. To verify this, the
Analyze component which utilises first order theory has been used in the model analysis and
checked against the following equations.

F := ρ ·l · h · w (7.3)

σc :=

(
− F

l · w

)
(7.4)

Where ρ = 20.3 kN/m3, l =1 m, w =0.15 m, h = t * n [m], where t = 0.02 m and n is number of
layers.

By inserting n = 39, F = 2.37 kN resulting in σc to be -0.016 MPa. The Karamba output gives
a maximum compression stress at -0.022 MPa, which equals a 27 % difference between the
hand check and the output of the programme. Tension stresses are not expected at the bottom
of the wall due to the geometry being a straight wall element. However, Karamba also gives
a maximum tension stress at 0.000113 MPa. This stress is found at the edges or top of the
geometry due to deformations. This can also be found in the results in the following section.

Second order analysis check
The model has been verified against the numerical and experimental results of Suiker and
show a good prediction for a free standing wall found at 0.175 m before failure by buckling.
This is a 2.23 % difference compared to Suiker’s study. Fig. 7.7 show the numerical results
from the Karamba model using the same dimensions, printing parameters and material mod-
els as Suiker’s study. Tables 7.1 show the printing parameters considered and the resulting
experimental and numerical results from Suiker. Suiker’s model prediction was found at 0.179
m and 0.184 m due to different material curing rates considered. This resulted in about a 10
% difference from the experimental results.

Table 7.1: Printing parameters (left) and results for a free standing 3DCP wall (right) (adapted from Ref [161])
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Figure 7.7: Karamba model verification of Suiker’s results where red is compression stress and blue is tension
stress. The table shows resulting maximum compression and tension stresses of the model compared to those

allowed and the buckling load factor. The highlighted yellow cell is the governing failure mode.

7.4.3. Results
Fig. 7.8 and 7.9 shows the visualisation of the maximum wall heights achieved with the differ-
ent material models at a printing speed of 6000 mm/min, checked against maximum stresses
and BLF above 1. See full calculation details in Appendix E.3.

Maximum layers for unstabilised models
For the unstabilised material models it can be found that the number of layers for shotearth
is assumed to be between 5 and 16 layers, which results in 0.1 m and 0.32 m wall height
respectively. This is the case when comparing the walls printed at 6000 mm/min. At lower
speeds more layers and therefore more wall height can be printed, the model predicts layers
between 6 -31 layers (0.12 -0.62 m) for the lower and upper bounds models at 1000 mm/min,
respectively. Fig. 7.11 show the allowable wall layers for the upper and lower bound models
at different printing speeds. The results show that for the lower bound material, the model is
governed by compressive stress for all printing speeds and for the upper bound material, the
material is governed by buckling for all printing speeds.

Maximum layers for stabilised models
For the cement stabilisedmaterial models it can be found that the number of layers for shotearth
is assumed to lie between 13 and 14, which results in 0.26 m and 0.28 m wall height respec-
tively at printing speed 6000 mm/min. At lower speeds more layers and therefore more wall
height can be printed, which vary between 16 -27 layers (0.32 -0.54 m), lower and upper bound
models respectively at 1000 mm/min. Fig. 7.12 show the allowable wall layers for the upper
and lower bound models at different printing speeds. Here as well, the results show that for
the lower bound material, the model is governed by compressive stress for all printing speeds
and for the upper bound material, the material is governed by buckling for all printing speeds.

Buckling analysis
For both the unstabilised and cement stabilised material models, the walls were governed
by buckling regardless of their printing speeds. The buckling modes component in Karamba
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(a) Unstabilised lower bound material at 6000 mm/min. (b) Unstabilised upper bound material at 6000 mm/min.

Figure 7.8: Visualisation of maximum wall height that can be printed before failure either through material
crushing or buckling for the unstabilised material models at speed 6000 mm/min. Red =compression stress. Blue

=tension stress.

(a) Cement stabilised lower bound material at 6000
mm/min.

(b) Cement stabilised upper bound material at 6000
mm/min.

Figure 7.9: Visualisation of maximum wall height that can be printed before failure either through material
crushing or buckling for the cement stabilised material models at speed 6000 mm/min. Red =compression

stress. Blue =tension stress.

Figure 7.10: The first four buckling modes for the wall upper bound models unstabilised and cement stabilised

calculates the buckling load factors and visualises the buckling modes. Fig. 7.10 shows the
first four buckling modes for the wall model. These buckling modes are the same for both the
upper bound material models. The first buckling mode is of highest interest as it is most likely
the model will fail this way during printing.
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Figure 7.11: Maximum number layers for the unstabilised material models

Figure 7.12: Maximum number layers for the stabilised material models

7.4.4. Discussion

Influence of model setup
The wall has been modelled as a shell where a gravity load of 1 was considered. As long as
the average compressive stresses did not exceed the maximum stress and a buckling load
factor of above 1 was fulfilled, the structure was deemed good. No imperfections have been
considered in this analysis. Therefore the limit load and resulting maximum wall heights are
probably lower in an experimental test than what is seen in Fig. 7.11 and 7.12.

A limitation of this type of analysis is that it overestimates the BLF due to imperfections. Dur-
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ing fabrication a geometry will not be perfect, loading distribution will not be perfect and the
same properties across each layer cannot be ensured. All these factors will lead to a reduced
capacity, and is not considered in ordinary Euler buckling, which is considered in this analysis.
Imperfection has not been included in the model due to the small number of layers that can
be printed for the lower bound unstabilised model. Including imperfections will give a more
realistic model and is further discussed in section 7.5.4.

Influence of mesh on results
For the wall model, the U count has been kept at constant 1. This represents the vertical
distance of elements. Each layer is one element in the vertical direction. The V count is the
number of horizontal elements. This has been varied between 10 and 110 to check how the
results change with changing mesh. As seen in Fig. 7.13, a V count of 50 and above does
not significantly change the results. A V count of 100 has been applied in this analysis.

Figure 7.13: Mesh resolution influence on results, U count =1, V count =1 -110 where max. stress = maximum
tension stress and min. stress = maximum compression stress

Influence of material models
The materials models have resulted in wall heights within the expected. All upper bound mod-
els give more layers than lower bound models with the variation of printing speed. With the
lower bound models it is observed that maximum wall heights do not change much when vary-
ing the speed. Also both lower bound model failures are governed by maximum stress, while
the upper bound model failures are governed by buckling.

A specific weight of 20.3 kN/m3 has been used for all the material models. This differs from
what has been specified previously. 20.3 kN/m3 is the value from Curto but since density of
natural earth varies between 17.5 to 22.0 kN/m3, it was deemed reasonable to keep the same
value for all, although density from Gomaa’s study on 3D printed earth was found to be 18.3
kN/m3.

Comparison of results
Fig. 7.14 and 7.15 compares the upper bound and lower bound models together. Especially
for the upper bound models, it can be seen that around the same number of layers can be
achieved which means that the unstabilised earth may work as well as the cement stabilised
earth. This brings back the discussion on when to stabilise earth materials for construction,
section 4.1.4.
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Figure 7.14: Comparison of maximum wall height for upper bound material models

Figure 7.15: Comparison of maximum wall height for lower bound material models



7.5. Barrel vault and half dome structures 98

7.5. Barrel vault and half dome structures

To determine the fabrication feasibility of shotearth compression-only structures, the next ge-
ometries assessed are a barrel vault and a half dome. The goal is to find themaximal overhang
that can be achieved with no or minimal formwork. This gives opportunity to a more fully auto-
mated construction process that uses the least amount of material. To evaluate the maximum
dimensions that can be achieved, both the roman and nubian layering techniques is applied.
Corbelling is not considered due to the difficulty of modelling. For this work, the hypothesis is
that the nubian method will result in a bigger overhang compared to the roman method, as the
inclined layer stacking is expected to result in greater stability of the structure during printing.

7.5.1. Geometry, element definition and loads
The model setup for the barrel vault and the half dome is the same as previously for the mono-
lithic wall, the only difference being the input geometries. The elements, material definitions
and loads are the same as described earlier. Both geometries analysed will have target dimen-
sions of 1 m rise, 1 m span and 1 m depth. Section width is again 0.15 m and layer thickness
is 0.02 m. The curvature of the vault and dome follows a bezier curve, see Fig. 7.16. Fig.
7.17 shows the scripted definition in GH.

Figure 7.16: Top: geometric setup of the barrel vault. Bottom: geometric setup of the half dome. Middle: Roman
layering for both geometries. Right: Nubian layering for both geometries.

Boundary conditions and slicing direction
All translations and rotations are fixed at the interface between printing plane and first print
layer. For the barrel vault, when modelling the nubian layering technique, the edge in z direc-
tion is also fixed, assuming that the structure is printed against a support wall. For the nubian
vaulting technique, the slicing direction applied can be seen in Fig. 7.18, resulting in an angle
of 35 degrees. This has been applied to both geometries.
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Figure 7.17: Grasshopper definition for both the barrel vault, labelled arch surface, and the half dome, labelled
dome surface, geometries.

Figure 7.18: Setup of the slicing direction for the geometries

7.5.2. Analysis check

Stress and buckling check
To evaluate the maximum overhang angle and the maximum number of layers that can be
printed not only compression stresses and buckling will govern the failure but also tension
stresses can cause failure due to bending caused by the geometry of the structures. For
the compression and buckling check, the same requirements as before applies. Maximum
compression is governed by the equations defined for the material model in question. For
maximum tension, if it is within 10 % of the compression strength it is okay. For the buckling
check, a buckling load factor (BLF) above 1 is considered good. Excessive deformations
can be a governing factor but they are not considered in this analysis. More on this will be
discussed in section 7.5.4. In summary the ultimate limit states checked in this analysis are:

• principal compressive stress < compressive strength of material model
• principal tensile stress < tensile strength = 10% of compressive strength
• buckling load factor > 1

First order analysis check
Again, to verify the outputs of Karamba, a simple linear stress analysis was performed for the
barrel vault using the following equations. First the resulting force (self-weight) of the geometry
was found. Then the moment was calculated and from this these the equivalent compression
and tension stresses found in the first layer of the structure.

F := ρ ·l · h · w (7.5)

Where ρ = 20.3 kN/m3, l = 1 m, w = 0.15 m, h = t * n [m], where t = 0.02 m and n is number
of layers.
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M := F · e (7.6)

Where e is the distance between the center of gravity of the whole geometry to its fixed bound-
ary. This value is measured in the model as it changes with layer height.

σc :=

(
− M

1
6 · l · w2

− F

l · w

)
(7.7)

σt :=

(
M

1
6 · l · w2

− F

l · w

)
(7.8)

Inputting n = 21, e is 0.037, which results in σc is -0.2139 MPa and σt is 0.0043 MPa. The
Karamba first order analysis output shows σc = -0.2100 MPa and σt = 0.00389 MPa. The
difference between the hand check and the computational output is about 1.8 % for σc and
9.30 % for σt. The hand check and the first order stress outputs from Karamba is shown to
correspond very well.

7.5.3. Results
The results shown are outputs of the second order analysis in Karamba. For the roman lay-
ering only printing speeds at 1000 and 6000 mm/min. have been analysed, as from the wall
structure, it is evident that taller structures can be printed at lower print speeds. For the nu-
bian layering only printing speeds at 1000 mm/min. have been analysed to assess maximum
dimensions compared to the roman layering. Table 7.2 provides an overview of all the results.
For detailed calculations see Appendix E.4, E.5.

Barrel vault -roman method
Unstabilised material: For the lower bound material, the maximum layer height across all print-
ing speeds is 5. This results in an overhang angle of 8.92 degrees compared to the monolithic
wall. For the upper bound material the maximum layer height for a 1000 mm/min. printing
speed is 26 layers and for a 6000 mm/min speed is 15 layers. Resulting in an angle of over-
hang between 10.18 to 9.67 degrees respectively compared to the monolithic wall. Fig 7.19
and 7.20, show the visualisation of the results.

Cement stabilised material: For the lower bound material, the maximum layer height varies
from 10 layers at 1000 mm/min to 9 layers at 6000 mm/min. The angle of overhang is 9.36
and 9.28 degrees respectively. For the upper bound material, the maximum layer height varies
from 21 layers at 1000 mm/min to 11 layers at 6000 mm/min. The angle of overhang is 9.44
to 10.02 degrees respectively. Fig 7.21 and 7.22, show the visualisation of the results.

Barrel vault -nubian method
Unstabilised material: For the nubian method, a layering angle of 35 degrees has been set.
This is in correspondence with the angle used in Carneau et. al. [158], which varies but is at
maximum 40 degrees. Fig. 7.23 show the results for the unstabilised models (a) lower bound
and (b) upper bound for a printing speed at 1000 mm/min. The number of layers that can be
printed are 3 and 9 respectively before failure by buckling occurs.

Cement stabilised material: Fig. 7.24 show the same for the cement stabilised models. Inter-
estingly in (a) lower bound shows more layers, 13, than (b) upper bound model with 8 layers.
The lower bound model also fails by compression rather than buckling for the upper bound.
An overhang angle has not been obtained due to fact that only a corner of the model is printed.
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(a) Unstabilised lower bound material at 1000 mm/min. (b) Unstabilised lower bound material at 6000 mm/min.

Figure 7.19: Half of the barrel vault with roman layering technique using unstabilised lower bound material
model at printing speed 1000 and 6000 mm/min. The horizontal lines show the expected printing path.

Red =compression stress. Blue =tension stress.

(a) Unstabilised upper bound material at 1000 mm/min. (b) Unstabilised upper bound material at 6000 mm/min.

Figure 7.20: Half of the barrel vault with roman layering technique using unstabilised upper bound material
model at printing speed 1000 and 6000 mm/min. The horizontal lines show the expected printing path.

Red =compression stress. Blue =tension stress.
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(a) Cement stabilised lower bound material at 1000
mm/min.

(b) Cement stabilised lower bound material at 6000
mm/min.

Figure 7.21: Half of the barrel vault with roman layering technique using cement stabilised lower bound material
model at printing speed 1000 and 6000 mm/min. The horizontal lines show the expected printing path.

Red =compression stress. Blue =tension stress.

(a) Cement stabilised upper bound material at 1000
mm/min.

(b) Cement stabilised upper bound material at 6000
mm/min.

Figure 7.22: Half of the barrel vault with roman layering technique using cement stabilised upper bound material
model at printing speed 1000 and 6000 mm/min. The horizontal lines show the expected printing path.

Red =compression stress. Blue =tension stress.
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(a) Unstabilised lower bound material at 1000 mm/min. (b) Unstabilised upper bound material at 1000 mm/min.

Figure 7.23: Half of the barrel vault with nubian layering technique using unstabilised material models at printing
speed 1000 mm/min. The inclined lines show the expected printing path.

Red =compression stress. Blue =tension stress.

(a) Cement stabilised lower bound material at 1000
mm/min.

(b) Cement stabilised upper bound material at 1000
mm/min.

Figure 7.24: Half of the barrel vault with nubian layering technique using cement stabilised material models at
printing speed 1000 mm/min. The inclined lines show the expected printing path.

Red =compression stress. Blue =tension stress.
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(a) Unstabilised lower bound material at 1000 mm/min. (b) Unstabilised lower bound material at 6000 mm/min.

Figure 7.25: Half dome with roman layering technique using unstabilised lower bound material model at printing
speed 1000 and 6000 mm/min. Red =compression stress. Blue =tension stress

(a) Unstabilised upper bound material at 1000 mm/min. (b) Unstabilised upper bound material at 6000 mm/min.

Figure 7.26: Half dome with roman layering technique using unstabilised upper bound material model at printing
speed 1000 and 6000 mm/min. Red =compression stress. Blue =tension stress
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(a) Cement stabilised lower bound material at 1000
mm/min.

(b) Cement stabilised lower bound material at 6000
mm/min.

Figure 7.27: Half dome with roman layering technique using cement stabilised lower bound material model at
printing speed 1000 and 6000 mm/min. Red =compression stress. Blue =tension stress

(a) Cement stabilised upper bound material at 1000
mm/min.

(b) Cement stabilised upper bound material at 6000
mm/min.

Figure 7.28: Half dome with roman layering technique using cement stabilised upper bound material model at
printing speed 1000 and 6000 mm/min. Red =compression stress. Blue =tension stress.
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(a) Unstabilised lower bound material at 1000 mm/min. (b) Unstabilised upper bound material at 1000 mm/min.

Figure 7.29: Half dome with nubian layering technique using unstabilised material models at printing speed 1000
mm/min. The inclined lines show the expected printing path. Red =compression stress. Blue =tension stress.

(a) Cement stabilised lower bound material at 1000
mm/min.

(b) Cement stabilised upper bound material at 1000
mm/min.

Figure 7.30: Half dome with nubian layering technique using cement stabilised material models at printing speed
1000 mm/min. The inclined lines show the expected printing path. Red =compression stress. Blue =tension

stress.



7.5. Barrel vault and half dome structures 107

Half dome -roman method
Unstabilised material model For the lower bound model, a maximum of 5 layers regardless of
printing speed is possible. This results in a maximum angle of 8.92 degrees compared to the
vertical wall. For the upper bound model, a big variation in the maximum number of layers that
can be printed is found. At 1000 mm/min. the maximum number of layers is 44, and almost
the full geometry can be printed, however, tension stresses then start to become too high. At
6000 mm/min, the number of layers is 17 where buckling is governing. Fig. 7.25, 7.26 show
the visualisation of the results.

Cement stabilised material model For the lower bound model the maximum number of layers
varies between 11 and 9 at the lowest and highest printing speeds. The governing failure is
compression stresses being exceeded. The upper bound model also shows a big variation
in maximum number of layers that can be printed, when comparing the lowest and highest
printing speeds, at 39 and 14 layers respectively. Fig. 7.27, 7.28 show the visualisation of the
results.

Table 7.2: Overview of results from the both barrel vault and half dome roman and nubian layering techniques
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Half dome -nubian method
Unstabilised material model: Fig. 7.29 show maximum number of layers that can be printed
for the lower bound material model (a) and upper bound model (b) at a printing speed of 1000
mm/min, which is 2 and 16 layers respectively.

Cement stabilised material model: Fig. 7.30 show that 16 and 15 layers can be printed re-
spectively for the lower bound (a) and upper bound (b) material models before they both fail
by buckling. The governing failure is buckling and due to the geometrical shape, as the free
edge of the shape has not been restrained in the model.

7.5.4. Discussion

Barrel vault
For the barrel vault, the results show that the roman technique yields more layers compared
to the nubian technique. This applies for all the material models assessed and therefore dis-
proves the hypothesis set at the beginning of this chapter. The few number of layers that can
be printed from the nubian technique can be caused by the fact that the first layer in the corner
is really short or small. The time required to print this is so short that it can simply not support
the next layer, which is bigger, and the next layer again which is even bigger. Karamba reads
the material development linearly, therefore, it is likely that the small layers in the corner are
simply not strong enough to support the rest of the print. The governing failure mode for the
nubian technique is buckling. The buckling modes show the material sliding down towards the
bottom edge. Again, this can be attributed to the material not being stable enough. Varying
the printing time for the first few layers, giving more time between the first 5 layers and then
fully printing the subsequent ones can give more stability and more structure to be fabricated.

Buckling modes The buckling modes of the inclined layering sees the layers collapsing onto
itself in the same direction as the printing (in-plane) as opposed to out of plane which is seen
for the other models, Fig. 7.31. This may suggest a modelling issue, where a redefinition of
either mesh or different take on nubian layering is required.

Model setup The main problem when modelling the barrel vault with the nubian technique is
the inclination of layers where the definition of support points along the vertical z-direction and
the horizontal x-direction proved to be tricky. This in combination with finding an appropriate
mesh resolution. For both the barrel vault and half dome, the mesh UV count has been set at
U =10 and V=10 as higher resolutions resulted in convergence problems. The way Karamba
read the inclination of layers is that it omitted the first layer surface of both geometries. For
the barrel vault, this concerned the corner, for the half dome, the layers were arched hang-
ing in the air unsupported. This first layer surface had to be redefined and then added to the
other surfaces, in order to create one uniform mesh. As a result the mesh resolution here is
slightly different from the rest. The definition of support points also follow the mesh resolution
as points can only be created along the mesh edges. Again, a redefinition of either mesh or a
different take on nubian layering can be done to resolve this issue, Fig. 7.32.

Layering angle The layer angle and supporting points are not always parametric. Meaning
changing the layering angle does not always capture all the supporting points required, this is
also related to the mesh resolution, where changing of the layering angle requires redefining
support points and mesh.
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(a) Barrel vault with nubian layering where the lines show
printing path. Buckling mode 1, BLF =1.24

(b) Barrel vault with nubian layering where the lines show
printing path. Buckling mode 2, BLF =1.35

Figure 7.31: Barrel vault with nubian layering buckling modes 1 and 2

(a) Mesh and support points for the barrel vault nubian
technique

(b) Mesh and support points for the half dome nubian
technique

Figure 7.32: Barrel vault and half dome mesh and support definitions
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Half dome
For the half dome, when comparing it to the free standing wall and the barrel vault, it shows
that for the upper bound material models (both unstabilised and cement stabilised), a lot more
layers can be printed at the same printing speeds. This can be explained by the fact that the
half dome has more stability than the wall and the vault. The curvature of the dome also re-
sults in longer print times, which gives more time for the material to harden. When comparing
the roman and nubian methods, it is seen that the nubian models can only reach layer 15 or
16 which is the corner of the geometry. The edge of the geometry is not fixed and hence, the
models will fail by buckling, due to sliding of the material. However, the results show that it
is possible to model a vault with the nubian technique and if the free edge was fixed it could
probably give more layers. Therefore, again the hypothesis set at the beginning of this chapter
is disproved. More consideration to the geometry and layer transition of printing angle could
give a better result.

Carneau et al. [158] obtained a dome structure and a nubian vault structure without formwork
by optimising the printing parameters such as inter-layer time for every layer and distance of
nozzle to target. The main part of the vault here was obtained with a 40 degree angle, and the
transition region with an inclination ranging from 0 to 40 degrees. This highlights the impor-
tance in developing parametric algorithms for toolpath generation to push the boundaries of
what can be achieved. The ability to print overhangs depend on shape (geometry), thixotropy,
interface adhesion (material), inter-layer time, and nozzle distance to target (processing).

Barrel vault and half dome
The results also show that the nubian method is more favourable for printing a half dome as
opposed to a barrel vault starting in the corner. This can be improved by optimising printing
parameters. Here it is seen the importance the printing parameters play a role in the fabrica-
tion feasibility of a structure. This aspect is out of scope for this thesis.

The analysis of the two arched structures have not considered any architectural view points. Or
considered the appropriate catenary prior to the start of printing. The targeted dimensions has
merely been set to 1m rise and span. A better way of doing could be 1) Find the appropriate
funicular form using the hardened properties of the material. 2) Based on the results of the
form finding a possible division of the geometry that defines the path of the printing can be
defined. 3) Verify the form by making a model of the structure and see how it can be refined
with combining the printing constraints.

Limitations of material models
Material non-linearity has been accounted for in time dependent equation definitions, however,
further non-linearity of the material models has not been accounted for due to lack of experi-
mental testing and data from literature. The resulting structures all have a fabrication time that
is less than 1 hour. This means that only the first equation defined for strength and stiffness
development is used. None of the structures take more than 2 hours to print meaning that the
other equations defined have not been used. Optimisation of printing time can see the use
of the other equations. Nevertheless, the material models defined over 20 and 28 days gives
the target hardened properties which can be useful for construction planning.

Limitation of geometric considerations -characterisation of shell
When designed properly shell structures can take large loads through membrane action while
their thickness can be much less than plates or slabs covering the same area. Depending on
the a/t ratio where a is the radius and t is the thickness of the shell, shell structures can be
divided into different categories varying from thick to thin shells [169].
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• Very thick shells (a/t ≤ 5) : 3D effects and solid elements
• Thick shells (5 ≤ a/t ≤ 15): In-plane membrane forces, out of plane bending and higher
order transverse shear included

• Moderate shells (15 ≤ a/t ≤ 30): In-plane membrane forces, out of plane bending and
linear transverse shear included

• Thin shells (30 ≤ a/t ≤ 4000): In-plane membrane forces, out of plane bending and
shear included, though transverse shear deformation neglected

• Membrane (4000 ≤ a/t): In-plane membrane forces only

Where:
a =

1

2
s+

1

8

l2

s
(7.9)

Figure 7.33: a / t ratio (adapted from Ref [169])

This results in the shell considered in this analysis to be ”very thick shells” given that s and
l are both 1, resulting in a/t ratio to be 4.1667. Most analysis programmes are developed
for thin shells. Although the shell structures in this work are considered very thick shells, it
has been analysed as a thin shell. More consideration of the geometry, either scaling up the
dimensions or lowering the section thickness is recommended.

Limitations of Karamba and analysis method
Linear elastic vs. non-linear analysis
The analysis performed here utilises the Analyse THII component in Karamba which takes
into account second order theory. Therefore, the type of analysis performed is considered ge-
ometrically non-linear but considering a linear elastic material. To verify that it is indeed what
Karamba has done. The hand check using eqns. 7.5 -7.8 has been done to see how many
layers can printed if a first order analysis was considered. By checking against the allowable
stresses for the cement stabilised upper bound model, the results showed that 37 layers would
be possible in a first order analysis vs. 21 layers possible in a second order analysis. This is
in line the shell theory as seen in Fig. 7.34.

Karamba is limited to material linear elastic calculations. The limitation of idealising the ma-
terial as linear elastic is that it will incorrectly predict tensile stresses that the material is not
capable of supporting. Therefore, the critical failure load may not be predicted correctly. In
masonry vaults, linear elastic methods are incapable of predicting the actual behaviour or fail-
ure state. Plastic design approach, or equilibrium approach, allows for the existence of many
possible load paths within a structure. If one equilibrium state can be found for a structure
given a set of loads, the structure can be demonstrated as safe. The equilibrium approach
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Figure 7.34: Finite element analysis of shells (adapted from Ref [170])

can be carried out using e.g. graphic statics.

Furthermore, for FE analysis, Karamba only uses triangular elements, which can be bad in
terms of accuracy, as a lot elements are required to get a decent accuracy out of constant
strain triangles. Therefore, enough mesh and proper convergence is required for the results.
The speed of Karambas calculations is a result of the limitations of the software.

Consideration of displacements
The consideration of displacements is a serviceability limit state requirement and have not
been considered in the analysis. It can be seen from the results that some structures result
in very big displacements. If a displacement criterion were to be included, more design crite-
ria with regards to e.g. the function of the structure can be taken more into account through
optimising fabrication parameters or geometrical shape. However, displacement limits would
have to be agreed upon amongst stakeholders involved. This has not been considered in this
work.

Consideration of imperfections
Imperfections have not been considered in this model. Due to the big field of research into
imperfections in non-linear analysis, it is hard to determine the appropriate knockdown factor.
However, if imperfections were considered, applying a factor of 3 can be considered to reach
the real life physical shape. However, it must be noted that this value is a conservative estimate
and more in depth considerations are required for more precise prediction of the imperfection
factor. Fig. 7.35 and 7.36 compares the barrel vault and half dome, using unstabilised upper
bound material model at printing speed 1000 mm/min., with and without the imperfection factor
considered. The difference for the barrel vault is 11 layers while for the half dome it is 23 layers.
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(a) Unstabilised upper bound model at 1000 mm/min.
without imperfection

(b) Unstabilised upper bound model at 1000 mm/min. with
imperfection, gravity load at 3

Figure 7.35: Comparison of barrel vault with (b) and without imperfections (a)

(a) Unstabilised upper bound model at 1000 mm/min.
without imperfection

(b) Unstabilised upper bound model at 1000 mm/min. with
imperfection, gravity load at 3

Figure 7.36: Comparison of half dome with (b) and without imperfections (a)
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Conclusion

8.1. Main question: Fabrication feasibility of shotearth structures

What is the fabrication feasibility of robotically fabricated shotearth structures?

This thesis showcases the possibility of fabricating compression-only structures using shotearth
material where a wall and two different arched structures were assessed for their possible di-
mensions and fabrication times. As shotearth is a novel printing technique using amaterial that
is not widely understood, the assessment was performed through the development of different
material models and the variation of printing speed. The structures were analysed according
to limit state design using the geometrical non-linear finite element analysis method provided
by Karamba3D. To achieve the results in this study, borrowed concepts from other areas, in-
cluding soil mechanics/ geotechnical engineering, masonry design, concrete and shotcrete
technology, 3D printing through the methods of extrusion and spraying, and shell structural
analysis, were taken.

It is recognised that the fabrication feasibility of shotearth compression-only structures requires
in-depth material understanding combined with optimal processing parameters. Fig. 8.1 show
the main influences on a resulting printed shotearth geometry where the red boxes show the
parameters taken into account in this study.

Figure 8.1: Design considerations taken into account in this work
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Answer to sub question 1: Prediction of shotearth materials
What are the properties of earth building materials and 3D printed cementitious materials and
how can this be used to predict shotearth material behaviour?

The prediction of shotearth material combined the theory from earth building material research
and requirements for 3D printing of cementitious materials. The mechanical properties of
earthen materials is impossible to predict or generalise without testing for its soil composi-
tion, mineralogy and water content. In literature, many different testing procedures have been
adopted from other disciplines to measure their properties. This along with an infinite number
of stabilisers, aggregates and other materials used in mix designs make it incredibly difficult
to understand and compare. This means when looking for material properties from literature,
one has to take the measured values with a pinch of salt. A suggested approach is to do sta-
tistical analysis of similar studies to get an average or a range of values, which can be used
as an assumption.

The requirements for robotic shotearth material is similar to that of 3D concrete printing and
shotcrete 3D printing in terms of consistency due to pumpability and extrudability /sprayability
demands. This requires the material to be pasty. However, unlike concrete, extruded /sprayed
earth materials require a longer drying process to achieve the mechanical properties desired.
This again depends on the type of soil used and other materials in the mix design. Due to the
ongoing debate of yes cement (stabilised) or no cement (unstabilised) in earth construction
along with the few studies to date that have measured extruded and sprayed earth proper-
ties. Two assumptions were made for the robotic shotearth, one without and one with cement.
Compressive strength and Young’s modulus are the two most important properties when it
comes to assessing the buildability of a structure.

The properties of unstabilised shotearth are assumed to lie within the range of rammed earth
and extruded earth. As soil composition is impossible to compare, a study of the water content
in these two types of earth construction techniques concluded that shotearth is closer to ex-
truded earth in terms of consistency but has higher compaction due to the high air flow during
fabrication. This results in a compressive strength value lying between those of rammed earth
and extruded earth. Young’s modulus of the material is inconclusive due to lack of data and
varied testing procedures. The Young’s modulus assumed in this study has been based on
an existing measured value in extruded earth.

The properties of cement stabilised shotearth are, first, assumed to behave like concrete,
second, assumed to reach a certain set of target values measured in one study, and third,
assumed to lie within the range of 3D extruded and 3D sprayed concrete. The assumption is
grossly based on one statement. The results are compressive strength and Young’s modulus
developments that closely follow the same curve. More certainty and predictability of the
material behaviour is reached compared to the unstabilised models.

Answer to sub question 2: Structural design of earth structures
What are the design techniques of existing earthen wall and arch structures and how can these
be applied to the design of a shotearth structures?

Earthen wall
3D printed structures have been related to masonry structures and can be considered as a
new approach to masonry. In masonry, building components are built through the layer-by-
layer stacking of elements joined by mortar. The 3D printing of aggregate based material
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can be regarded as an infinite brick where components are also built through a layer-by-layer
stacking. Existing earth building techniques that can also be related to masonry are rammed
earth and earth blocks (e.g. compressed earth masonry (dry), adobe (wet)). To consider these
techniques for the design of shotearth, the material consistencies of these techniques should
be comparable to the 3D printing technique. For example, rammed earth (dry method) has
different considerations during fabrication compared to 3D printing (wet method).

The structural design of existing planar earth wall structures cannot be applied to the structural
design of shotearth wall structures, as there are no coherent guides or codes that specify
requirements for the slenderness ratio and strength. This is due to each country or region
having their own recommendations that are adapted to local conditions. Most of these also
consider only the dry method building techniques. Due to the novelty of 3D printed structures,
also no guides exist on how to design these and not all assessment procedures have been
standardised in order to measure maximum dimensions (buildability) that can be achieved.

Earthen arches, vaults and domes
The structural design of ancient arches, vaults and domes structures using earth masonry el-
ements can be used as a reference for the design of modern printed arch, vault and dome
structures. However, methods to design efficient earthen arch structures as well as arched
printed structures are currently unknown. Taking inspiration from masonry, for the design and
fabrication of these shell structures, strength, stiffness and stability, especially during construc-
tion, are the most important aspects to take into account. The geometrical shape also plays
a big role in terms of stability as it should be able to resist loads during fabrication as well
as during its intended use and lifecycle. In ancient construction, catenaries were found as
the most efficient type of shape as it is free of bending. To minimise reliance of formwork
during construction, different layering techniques (roman, nubian, corbelling) can be applied
and optimised for. Safety factors for earthen arch structures should account for variable soil
compositions and imperfections which depend on the shape analysed. Strategies to protect
projects from moisture to ensure durability should be taken into account throughout the whole
design process.

Answer to sub question 3: Fabrication times and dimensions of shotearth structures
What are the possible fabrication times and dimensions of shotearth structures?

Monolithic wall
It can be concluded that for a 1 m wide wall, a wall height between 0.12 -0.62 m can be printed
when using an unstabilised mix, while a cement stabilised mix can give wall heights between
0.32 -0.54 m. When assessing the dimensions from the upper bound materials at the low-
est printing speed of 1000 mm/min. considered, unstabilised (0.62 m) and cement stabilised
(0.54 m) walls are shown to reach similar heights. This gives to conclude that unstabilised
shotearth has as much potential as stabilised shotearth to build walls. There is of course a lot
of uncertainty involved. Nevertheless, this prediction shows and takes part in the discussion
of when to stabilise earthen walls, if the raw earth wall may work just as well.

Overhang with roman layering technique
With the current available computational tools and the assumptions made, more so an over-
hang rather than a full arch has been achieved. The printing speed has been assessed at 1000
mm/min and 6000 mm/min. The result of both the barrel vault and half dome show that for
the unstabilised material a possible overhanging angle around 9 -10 degrees. For the cement
stabilised material, it is around the same. For the case of the half dome, considering both up-
per bound models, the results show that almost the full structure can be printed at the printing
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speed 1000 mm/min. Although, this is not taking into account any shell imperfections, it shows
that there is possibility. Due to the important time dependent nature of printed materials, one
could imagine starting the print overnight at a much lower speed and have components ready
the next day. This gives even more potential to achieve full geometries.

Overhang with nubian layering technique
The result of both the barrel vault and half dome using the nubian layering technique also show
that for the unstabilised and stabilised materials a possible overhang of around 9 -10 degrees
can be achieved. This is the case for the half dome structure. The barrel vault structure shows
that inclined layering can be possible but more attention to the layer angle and print parame-
ters are required for better assessment. The nubian layering technique have a possibility to
result in larger overhangs as proven in ancient construction and has also been demonstrated
in printed concrete but is unclear from this research due to no form finding on the geometry
has been performed and little attention to the layering angle. Variation of layering angle could
result in a bigger and better overhang.

The result of both the barrel vault and half dome structures along with projects demonstrated
so far show that it is possible to use to earth material to print compression-only structures using
either unstabilised and cement stabilised material until a certain point. To print a full vault or
dome, using the tool developed by Witteveen +Bos, formwork is unavoidable at a certain point
of the print, as the closer to the apex it gets during printing, the bigger the tension stresses
will be a the bottom layers, and so to avoid this, the solution will have to include tensile rein-
forcement or formwork. To minimise or optimise the need for formwork or reinforcement more
consideration is required for the fabrication and processing aspects. An idea is to either divide
the structure into different sections with different dimensions and different printing parame-
ters to then be assembled (like masonry), or use formwork during printing at the apex of the
structure.

Effect of printing speed
This study has measured the effects of possible dimensions and fabrication time through the
variation of robotic print speed. From the monolithic wall structure, it can be concluded that
slower printing speeds give more layers. However, this also depends on the material. Raw
earth materials take more time to develop strength compared to a stabilised material. For
both the upper and lower bound unstabilised materials, it has been observed that the maxi-
mum allowable compressive strength did not change much with the change of printing speed.
Especially, when looking at the unstabilised lower bound material model applied to a wall, it
can be seen that regardless of printing speed applied, a maximum of 6 layers can be printed
at the lowest speed and 5 layers at the highest speed before the structure fails by material
crushing. The same conditions apply for the two arch structures. The cement stabilised mate-
rial models resulted in dimensions closer to each other. This can be attributed to the hydration
products in concrete that gives higher material strength in the early ages compared to the
unstabilised.

Answer to sub question 4: Considerations required for real construction
What are the design considerations required for real construction?

To fully design, simulate and fabricate a shotearth vault or overhanging structure, four main
considerations are required. Where each consideration need their own special attention in
order to reach an optimal result. These are understanding of early-age material behaviour,
influence of processing parameters on the material properties and shape, the structural safety
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of the shape to be fabricated both during construction and intended service life, and the simu-
lation tool used.

Not considered in this study:

• Geometry: a vault was created without considering its shape
• Material: rebound effects, shrinkage effects, bond strength between layers, environmen-
tal conditions

• Processing: optimised print path, inter-layer time, nozzle type and distance to target,
material deposition direction.

To properly model shotearth, one should consider developing a simulation tool that can predict
the flow of material, which gives opportunity for an in-depth process parameter study, as well
as structural behaviour.

Other considerations
Environmental conditions play a big role in mechanical strength which has not been consid-
ered. This gives difficulty when applying the method on site. The high water content required
to print earthen elements will undergo shrinkage in the hardening process, leading to possible
cracking and other technical issues. This must be considered in the design. So far, no studies
address this aspect [171].

8.2. Future outlook on earth and shotearth construction

The past few years has seen an increase in digital manufacturing research and demonstrations
using earthen materials. They show a great potential of creating a new architectural style for
earth building and construction, while providing many benefits to urban spaces in terms of
circularity and sustainability, better indoor environments. Further development in this field
could also start to integrate functionally graded materials for future construction, which have
potential to optimise building performances even more. Craveiro et al. [120] explored this
possibility through the demonstration of a design tool. Earth buildings as a wider term provides
many opportunities for poverty alleviation and is a solution to world housing crisis. Here earth
masonry elements and rammed earth play a big role, in terms of being more low tech but
still very efficient and impactful solution. Interest in earth arches, vaults and domes offer the
contemporary designer rich possibilities for achieving radical new designs. Improvements in
design tools, an increase in environmentally sustainable building techniques will contribute to
the continued relevance, innovation and growth. Thousands of years after these materials
and methods first appeared, earthen vaults have untapped potential to create exceptional
buildings.

8.2.1. Standardisation
One of the biggest issues regarding earth materials is the absence of standardisation in the
material and products. Given the novelty of the robotic shotearth fabrication technique and the
need for large scale rigorous testing to understand the material and influence of processes. In
digital manufacturing the experiments and prototypes are in the early ages and is fragmented,
as with earth construction in general. Many projects, showcase the design possibilities of AM
in earth construction but do not provide scientific information on the fabrication feasibility e.g.
workflow and processes, material standards, and performance aspects e.g. structural, ther-
mal and environmental. The lack of information prevents the industry from implementing and
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considering this material + construction method, and authorities from regulating it. Therefore,
shotearth is unlikely to become standardised and used as a common construction method for
the time being. More promise can be found in earth structural masonry or raw earth bricks.
Earth masonry is a commercial product produced in the same way as commercial bricks but
unfired. Themanufacturing process can ensure high density and uniformity of bricks given that
the material is the same. Compared to other forms of earth construction: cob, rammed earth.
Earth masonry have higher strengths. Systematic structural testing of earth components will
provide a roadmap for standardisation [171].

8.2.2. Sustainability
Digital construction methods have the potential of being sustainable in all aspects of the ma-
terial and fabrication chain through resource utilisation, energy consumption and cleaner +
efficient production. However, few studies have explored the the environmental impact of AM
technology in construction, Agusti-Juan and Habert [172] found that digital fabrication provides
environmental benefits when applied for complex structures rather than simple wall structures.
Currently very little data is available on the energy consumption of AM processes and must
be further assessed [173]. 3D concrete printing, which currently has the interest of most re-
searchers and industry stakeholders, is not yet environmentally friendly as most mixtures have
more than 40% higher binder content than conventional mould cast concrete. The binder sys-
tem is the most energy-intensive part of the concrete [174]. Several studies have focused
on alternative binders and recycled aggregates to improve sustainability; however, more re-
search is still needed to understand mechanical properties. This also applies to the case of
earth construction, where cement is the most utilised stabilising material. Much more focus
on material development and research to improve and understand the sustainability of earth
construction and AM technologies.

8.2.3. Cost benefits
Economic benefits of earth construction in general is not clear. The general conception and
most attractive thing about earth is that it is in principle free and abundant. Though it is obvious
that material sourced further away from site and any stabiliser added increases costs, modern
earth constructions are in general more expensive than projects using conventional materials.
This is mainly due to lack of training and experience among engineers and builders which
require specialists to realise these projects. AM technologies can automate large parts of the
manual work required, however, economic benefits of AM technologies in general are also not
yet clear. The geometric freedom that comes with this technology enables designers to apply
topology optimisation to reduce material usage. In the cases of no formwork even further
material reduction can be achieved. Weng et al. [175] found that 3DCP, compared to precast
structures due to no formwork, can reduce overall costs by 25%. However, machine and
material cost could be higher.
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8.3. Recommendations and further work

The work in this thesis presented numerical work based on assumptions from literature and
related theory. In order to further the knowledge in earth building and construction, more re-
search into material behaviour, 3D printing simulation and structural analysis is recommended
to do.

Material
To obtain more accurate material models, it recommended to first do material testing for its
time-dependent strength and stiffness behaviour and then feed this data to a FE analysis
model. In order to do proper material testing, the following is recommended to do [176].

• identify the PSD and Proctor compactions curves of the soil intended to study
• measure the suction to obtain the Soil Water Retention Curve (SWRC)

To measure strength and stiffness time dependent behaviour, procedures in 3D concrete print-
ing can be followed. In 3D printing, stiffness is tested and monitored based on deformation,
which depends on young’s modulus and is quantified by either stress-strain relation using the
unconfined compression test for cylindrical specimens (ASTM D4648), optical metrology, or
PZT (piezoelectrical transducers) that assess stiffness gain and damage evolution, thereby
ensuring stability of the stacking process. Time-dependent yield stress depends on cohesive-
ness of cement paste, which is suggested by authors to resemble the behaviour of a cohesive
soil, as failure in compression result from relative movement of particles. Strength is attributed
to a combination of inter-particle friction and cohesion, which can be translated by a Mohr-
Coulomb yield criterion, similar to cohesive soils. An alternative way to perform yield stress
analysis is through the dynamic stress sweep method using an oscillatory rheometer, which
allows proper reproducibility of results and minimizes wall slippage problems in high-viscosity
mortars.

Understanding stiffness
Stiffness in existing earth material research sees a large uncertainty in values. Proper guide-
lines for understanding earth stiffness and how to measure this property is recommended to
look into first.

Material non-linearity
This work has assumed linear material curing rates. For the unstabilised material models, a
linear material curing rate (strength development rate) is assumed for the upper bound one
from 0 to 3 days, while the lower bound one based on Perrots data shows that it is not. The
upper bound model has not accounted for material non-linearity as this data is not available,
given that natural soils exhibit very little plasticity. The model can be accurate prediction in real
world application but have to be verified through experiments. Shrinkage is not considered.

For the cement stabilised material models, a linear material curing rate has been taken for
both the upper and lower bound models. While it may be true for the lower bound, the upper
bound model shows a non-linear development. Furthermore in 3DCP studies from Suiker and
Wolfs, compare linear and exponentially decaying curing rates in their FE models and find a
difference.
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Reinforcement integration
To increase tensile capacity, it is recommended to look into reinforcement integration. Steel
reinforcement is not recommended for earth materials due to bonding behaviour and risk of
efflorescence which can ruin the appearance of earth walls. Fibers and bamboo is recom-
mended. Also to keep in line with the natural aspects of the material.

Computational modelling
Different computational tools have been developed and are under development to better pre-
dict 3D printed structures. Most advancements have been made for the development of 3D
printed structures using the extrusion process.

Wolfs method and Voxelprint
Other modelling methods incl. Wolfs method for 3DCP. Testing to verify predictions.

Non-linear structural model with non-linear material model
Only linear elastic model. look into non-linear models. Describe other models that are better
to model soil behaviour.

Discrete element modelling
Discrete element analysis methods is an alternative computational approach to assess col-
lapse of earthen arches. It is a numerical solution based on finite-difference principles used to
describe the behaviour of discontinuous blocks and has been used to validate earth masonry
design to validate basic lab tests [29]. It has been used in one published study on rammed
earth walls [9], which showed the superior results predicting the failure mode of a set of
rammed earth walls compared to equivalent FEM results. Time-dependent properties can
be modelled here.

Optimising processing parameters and toolpath generation
Processing parameters have an influence on the mechanical properties of printed structures
and resulting behaviour. More research in general understanding of how these affect struc-
tures is recommended. Varying flow of material, printing speed, inter-layer time etc. These
can be done through testing.

Modelling methods for Arches
Stability of an arch is important during construction. To design a fully printed arch with no or
minimal formwork, analysis of a full arch structure using the final hardened properties can be
taken into consideration first to find a form that will work. This can be done using thrust line
analysis or limit analysis. Further work towards finding a modelling method that can form-find
printed arch structures with time-dependent properties is recommended.



A
Additives, biopolymers and fibres found

in earth material research

Table A.1: Natural additives and fibers of animal origin for earthen material stabilisation classified by their
additive source (adapted from Ref [177])
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Table A.2: Natural additives and fibers of plant origin for earthen material stabilisation classified by their additive
source (adapted from Ref [177])



B
Overview of earth building standards,

codes and normative documents

Table B.1: Overview of numerical ranges of recommended soil gradation and plasticity for rammed earth and
earth blocks from different counties (adapted from Ref [7])

124



125

Table B.2: Overview of earth building guidelines from different countries (adapted from Ref [7])
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Table B.3: Permissable levels of salt content in earth building standards (adapted from Ref [7])

Table B.4: Recommended design values of UCS and speciment details (adapted from Ref [7])



C
Unstabilised shotearth calculations

C.1. Data entries for predictions

Table C.1: Measured data for stress and stiffness development, original data received from Perrot
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Table C.2: Data for stress and stiffness development assumed for URE
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Table C.3: Data for stress and stiffness development proposed for unstabilised shotearth



D
Cement stabilised shotearth calculations

D.1. Concrete and shotcrete models

D.1.1. Eurcode 2 and ACI

Eurocode 2
In Eurocode 2 [178] concrete strength at time, t, for various types of cement can be found
through equation (D.1). This relationship can be used to predict shotcrete where [179] sug-
gests using s =0.20. Eurocode 2 specifies that the relationship is valid for concrete from 3-28
days. Concrete younger than 3 days should be determined from experimental testing.

fcm(t) = βcc(t)fcm (D.1)

where fcm(t) is the mean compressive strength at an age of t days and fcm is determined at
28 days.

βcc(t) = exp

{
s

[
1−

(
28

t

)1/2
]}

(D.2)

s depends on type of cement where:
s =0.20 for rapid hardening cement (Class R)
s =0.25 for normal hardening cement (Class N)
s =0.38 for slow hardening cement (Class S)

Also in Eurocode 2, Young’s modulus at time, t, can be derived knowing the stress at t.

Ecm(t) = (fcm(t)/fcm)
0,3Ecm (D.3)

where Ecm and fcm are values determined at 28 days.

ACI
The American Concrete Institute (ACI 209r-92) similarly has stress relationships at time t.(

f ′
c

)
t =

t

a+ βt

(
f ′
c

)
28

(D.4)
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where fc(t) is the compressive strength at t days, a and b are constants and fc28 is mean
compressive strength at 28 days.

To predict Young’s modulus ACI 318-14 proposes the following for normal weight concrete:

Ec = 4700
√
f ′
c (D.5)

D.1.2. Shotcrete models
The following shotcrete models were found and plotted using the known target strength and
stiffness found by Curto et al.

CEB-FIP (1990)
According to CEB-FIP code, strength and Young’s modulus as a function of time can be found
with the following relationships, where s =25 was used.

Strength

fcp(t) = fcp,28 exp

[
s

(
1−

√
t28
t

)]
(D.6)

Young’s modulus

E(t) = E28 exp

[
s

(
1−

√
t28
t

)]0.5
(D.7)

Weber (1979)
According to Weber, strength and Young’s modulus as a function of time can be found with
the following relationships.

Strength
fcp(t) = afcp,28 exp

( c

t0.55

)
(D.8)

where a =1.45 and c =-2.32 was used

Cement class Z 25 Z 35 F Z 55
Z 35 L Z 45F
Z 45 L

a 1.45 1.27 1.20
c −2.32 −1.49 −1.14

(D.9)

Young’s modulus
E(t) = aE28 exp

( c

t0.6

)
(D.10)

where a =1.132 and c =-0.915 was used

Cement class Z 25 Z 35 F Z 55
Z 35 L Z 45 F
Z45 L

a 1.132 1.084 1.062
c −0.915 −0.596 −0.445

(D.11)
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Chang (1994)
According to Chang, strength and Young’s modulus as a function of time can be found with
the following relationships.

Strength

fcp = 1.105fcp,28 exp
(
−0.743

t0.7

)
(D.12)

Young’s modulus

E(t) = 1.062E28 exp
(
−0.446

t0.7

)
(D.13)

Aldrian (1991) with Schubert (1988)
According to Aldrian, strength as a function of time can be found with the following relation-
ships.

Strength -Aldrian

fc(t) =

{
fc,28 · 0.03t, 0 < t < 8h

fc,28 ·
√

t−5
45+0.925t , t > 8h

(D.14)

Aldrian did not define a relationship for Young’s modulus, therefore Schubert’s definition for
Young’s modulus as a function of time is used, as Schubert did not define a relationship for
strength. At least it has not been found.

Young’s modulus -Schubert

E(t) = E28

√
t

4.2 + 0.85t
(D.15)

Golser (1990) and Aydan (1992)
The following two models were also tested but values for strength and stiffness were vastly
underestimated and thus not plotted with the other models.

Strength -Golser

fcp(t) = fcp,28

√
t

101 + 0.85t
(D.16)

Young’s modulus -Aydan
E(t) = 5000

(
1− exp−0.42t

)
(D.17)

Other
Shotcrete models for tunnelling is an active field of research. The development of robotic
shotcrete or shotearth could follow conventions defined or take inspiration here. If more val-
ues for strength and stiffness after 1 day was measured. Further work could be to test the
following two models.

Two of the most widely used shotcrete models are the model by Meschke (viscoplastic model)
and the model by Schädlich and Schweiger. The Meschke model can represent the evolution
of stiffness, strength, shrinkage, creep, hardening material behaviour in compressive loading
and mixed loading and softening behaviour in tensile loading. The Schädlich and Schweiger
model can represent the evolution of material stiffness and strength, creep, shrinkage and
plastic material behaviour including hardeing and softening [180].
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D.2. Data on early age strength and stiffness development for 3DCP
and SC3DP

D.2.1. Suiker’s data
Suiker’s data points is based on the following relationships:
Strength

σ̂p∗(t) = 5.984 + 0.147t with σp∗ in kPa and t in min. (D.18)

Young’s modulus:

Ê∗(t) = 0.0781 + 0.0012t with E∗ in MPa and t in min. (D.19)

D.2.2. Dressler’s data
Original data points for strength from Dressler was received and is found in Table. D.1. As-
sumed stiffness calculation for Dressler is found in Table D.2.

Table D.1: Original data from Dressler with 0 % accelerator

Table D.2: Assumed stiffness calculation for Dressler based on Suiker’s data
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D.2.3. Perrot’s data

Table D.3: Measured data for stress and stiffness development, original data received from Perrot

D.3. Curvefitting calculation
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Table D.4: Curvefitting fcm upper
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Table D.5: Curvefitting fcm lower
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Table D.6: Curvefitting E upper
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Table D.7: Curvefitting E lower



E
Assessment of shotearth structures

E.1. Recommendations for the design of earthen walls

Figure E.1: Recommended values for wall thickness and slenderness of earth walls (adapted from Ref [7])
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E.2. Linear regression of data for material models

Figure E.2: Python code: conditions for unstabilised material models
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Figure E.3: Linear regression of Perrots stress development

Figure E.4: Linear regression of Perrots stiffness development
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Figure E.5: Linear regression of assumed URE stress development

Figure E.6: Linear regression of assumed URE stiffness development
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Figure E.7: Python code: conditions for stabilised material models

Figure E.8: Linear regression of stress data, upper
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Figure E.9: Linear regression of stress data, lower

Figure E.10: Linear regression of stiffness data, upper
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Figure E.11: Linear regression of stiffness data, lower
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E.3. Monolithic wall

Table E.1: Stress and buckling checks for wall model at different print speeds
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E.4. Overhang roman layering

E.4.1. Barrel vault

Table E.2: Results from the barrel vault roman layering where the highlighted cell is the governing failure mode
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E.4.2. Half dome

Table E.3: Results from the half dome roman layering where the highlighted cell is the governing failure mode
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E.5. Overhang nubian layering

E.5.1. Barrel vault

Table E.4: Results from the barrel vault nubian layering where the highlighted cell is the governing failure mode



E.5. Overhang nubian layering 150

E.5.2. Half dome

Table E.5: Results from the half dome nubian layering where the highlighted cell is the governing failure mode
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