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Resumen

Perti es un pais sismicamente activo que se caracteriza por una prevalencia
desproporcionadamente alta de viviendas informales, gran parte de las cuales se
construyen sin una supervision adecuada durante el proceso de construccion. En este
contexto, la manufactura aditiva (impresion 3D) surge como una metodologia de
construccion transformadora, que ofrece un proceso de construccion
sustancialmente acelerado en relacion con las técnicas convencionales y reduce
significativamente el desperdicio de material. Sin embargo, su adopcion
generalizada se ve obstaculizada por desafios criticos, en particular la alta demanda
de cemento, aditivos y otros materiales esenciales, que aumentan los costos
generales del proyecto. En respuesta a estas limitaciones, este estudio tiene como
objetivo mejorar la eficiencia de los materiales minimizando el consumo de recursos
y garantizando un rendimiento mecdnico y reologico Optimo. La composicion
seleccionada comprende suelo arcilloso, agua y cemento, complementado por una
investigacion sobre los beneficios potenciales del refuerzo con fibra de yute. El
marco de investigacion implica una evaluacion rigurosa de diferentes propiedades.
En el estado fresco, las evaluaciones clave incluyen la prueba de impresion de
filamentos, la prueba de veleta, la resistencia a la penetracion y la caracterizacion
reologica. Las meétricas criticas de rendimiento, como el comportamiento de
contraccion, la resistencia a la compresion y las mediciones del angulo de contacto,
se examinaran al endurecer. Ademas, la resistencia a la erosion se evaluara
sistemdticamente a través de pruebas de durabilidad, incorporando la prueba de
inmersion, la prueba de capacidad de absorcion y la prueba de erosion acelerada.
Para corroborar estos hallazgos, se fabricaran especimenes impresos en 3D a
mediana escala (~1 m? de volumen), con y sin fibras de yute, para determinar su
influencia en el comportamiento de contraccion y el rendimiento a largo plazo. Los
resultados preliminares indican que el refuerzo de fibra mitiga significativamente el
agrietamiento inducido por la contraccidon, mientras que el contenido de cemento
ejerce una influencia decisiva en la integridad mecénica de los elementos de

mediana escala. Estos conocimientos contribuyen a la evolucién de materiales



sostenibles adaptados a los compuestos de suelo-cemento impresos en 3D, lo que
mejora tanto la resiliencia estructural como la viabilidad medioambiental. Ademas,
esta investigacion establece una base critica para futuras investigaciones, facilitando
el desarrollo de mezclas sostenibles optimizadas que mejoren la eficiencia del
refuerzo y mejoren la resistencia a la erosion, impulsando asi la innovacion en el

campo de las tecnologias de manufactura aditiva.
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Chapter I

Introduction

1.1. Background

The billion has already been surpassed meaning one-quarter of the world's urban
people live in unauthorized and unsupervised-by-professionals settlements, which means
about 1.1 billion city residents inhabit areas developed without government oversight
(Reckford & Aki-Sawyerr, 2023). The construction industry and governmental bodies must
undertake substantial economic and technical initiatives to resolve this issue. However,
current construction faces low productivity, low worker safety, lack of skilled human labor,
high environmental impact, and massive energy and material consumption (McKinsey Global
Institute, 2017). Autonomous construction processes would help address the housing shortage
in a highly productive and safe manner. One of the most promising processes is additive
manufacturing, commonly addresed as 3D printing, utilizing materials such as hydraulic

concrete, geopolymer, or soil.

3D printing of concrete structures increases precision, improves safety, speeds up
construction, and reduces costs by eliminating formwork and labor expenses. It also uses less
material since printed elements don't need a solid interior (Algenaece & Memari, 2022).
Additionally, earth building has currently gained interest in the construction industry due to

its low environmental impact and recyclability (McKinsey Global Institute, 2017).



Life cycle calculation reveals that earth-based building uses just 18-38% of the energy
required for standard concrete and timber structures and cuts global climate impact by 75-
82% (Faleschini et al., 2023). In 3D printing or additive manufacturing, dry items are mixed
with water and pumped through a hose to create filaments. This filament is then extruded and
guided to the desired location by a robotic arm or gantry frame system (Ji et al., 2023).
Nevertheless, the advancement of earth construction is constrained by cost factors, challenges
in obtaining insurance, and inadequate durability due to high water sensitivity. Designing a
mixture that ensures both rapid casting and adequate strength in its dry state presents a

significant challenge (Yemesegen & Memari, 2023).

Research has explored using biopolymers like alginate (Yemesegen & Memari, 2023)
or a mix of hydraulic binders and additives to simulate cement curing. Therefore, cement could
be an option. Portland cement-based matrices and geopolymer mortars and concretes are the
most researched materials for additive construction (Yemesegen & Memari, 2023). The
advancements in the seismic-resistance features have progressed as well. Companies like
CyBe have already developed earthquake-resistant concrete material (CyBe Construction,
2024). Likewise, in 2023, COBOD printed a seismic-resistant house that could withstand a 9-
magnitude earthquake in just 26 hours in Guatemala (Williams, 2023; Duboust, 2023).

To ensure the earth matrices for 3D printing are extrudable, a significant amount of
water is required. Based on previous work with adobes, adding reinforcement to the matrix
fiber was necessary for minimizing cracking caused by shrinkage during drying. To meet this
requirement and reduce environmental impact, sisal, a readily available plant fiber with good
mechanical properties, was chosen (Tu et al., 2023). However, adding flax fibers to self-
compacting concrete has shown reduced workability and its impact on self-compaction
characteristics in a fiber content-dependent manner. Furthermore, a notable improvement in

mechanical properties and a slight reduction in unit weight were recorded (Tu et al., 2023).



1.2. Motivation

3D printing using earth as a building material has gained attention recently due to its
potential for sustainable construction and waste reduction. Several case studies have
demonstrated the viability of this technique. For example, in 2014, the Italian company WASP
built the first 3D-printed house using raw earth. The process involved depositing layers of

earth mixed with organic materials, creating sturdy and environmentally friendly structures.

3D printing with concrete has been widely researched and utilized in the construction
industry. This technique enables the fabrication of complex structural elements and reduces
construction times and costs. A notable example is the "The Office of the Future" project in
Dubai, where a two-story office was 3D printed using a unique concrete mixture. This
pioneering construction demonstrated the capability of 3D printing to create functional and

aesthetically appealing buildings.

The implementation of 3D printing in construction is challenging. One of the critical
challenges is the development of printing systems capable of working with granular materials
like earth efficiently and accurately. Additionally, ongoing research is required to optimize
the concrete mixes used in 3D printing, ensuring the strength and durability of the printed
structures. Fortunately, significant progress has been made in improving the precision of
printing systems, automating the process, and optimizing materials, leading to increased

feasibility and acceptance of the technology in the construction industry.

3D printing in construction with earth and concrete presents enormous potential. In
addition to housing construction, its use has been explored in constructing bridges, retaining
walls, and complex structures. Creating custom designs and reducing waste and costs are
significant advantages. Moreover, additive manufacturing permits the integration of unique

architectural features and the ability to adapt to local and project-specific needs.



1.3.

Objectives

1.3.1. General Objective

Optimization of mixing conditions of Soil-cement mixtures to apply to 3D printing

construction and their mechanical and erosion resistance evaluations.

1.3.2. Specific Objectives

1.4.

Optimize the mixed design of a printable and stabilized soil-cement mortar paste.
Assess how water and cement content affect 3D-printed soil-cement mixtures by
analyzing the fresh and hardened state properties.

Evaluate the effects of jute fiber addition and storage condition on cracking in soil-
cement mixture on 3D printing

Validate a medium-scale 3D printing with and without jute fibers.

Evaluate the erosion resistance of the printed samples.

Organization

Chapter 1 1s the introduction, briefly describing this thesis’s general objective, specific
objectives, and organization.

Chapter 2 presents the literature review and a summary of the theoretical framework.
It introduces construction with 3D printing, concrete mixes, and other materials,
regulations related to 3D printing, and 3D-printed constructions worldwide.

Chapter 3 describes the materials, and the experimental plan including the mixed
design and material preparation, the humidity control for weathering, and the test
protocols.

Chapter 4 explains the evaluation of properties in the fresh and hardened state divided
into five stages comprising the first one the definition of printing parameters for non-
reinforced soil-cement matrices including the printing speed test and the stacking test.
The second stage is comprised of the fresh and hardened state characterization of non-

reinforced and reinforced soil-cement matrices. Regarding the fresh-state



characterization, it included the shear stress, the over-time shear stress, the Vicat
penetration test, and the rheology test. Likewise, the hardened-state includes the static
elastic modulus, the compression test, and contact-angle characterization. To evaluate
durability, is comprised of the immersion test, the absorption test, and the accelerated
erosion test. In the third stage, is presented a medium-scale earthen 3D printing. In the
fourth stage, a shrinkage cracking analysis is presented under different weathering
conditions. Stage 5 presents a reinforced medium-scale earthen 3D printing.

Chapter 5 presents the conclusions and recommendations regarding this thesis work.



Chapter II

Literature review

2.1. 3D Printing in Construction

3D printing in construction is a rapidly growing technology that allows for the creation
of three-dimensional objects through a layering method. This process, referred to as additive
manufacturing, uses computer-aided design (CAD) to construct objects layer by layer (Ross,
2024). The construction industry is benefiting from 3D printing advancements. 3D printing in
construction provides various benefits, such as enhanced design forms, quicker construction

timelines, and lower material costs (JK Cement, 2024).

Technology prints complete homes, modular structures, walls, offices, and bridges,
increases construction industry spending, and advances in 3D printing technology, urban
furniture. According to Global Market Insights (2024), the global 3D printing construction
market is predicted to encounter substantial growth in the forthcoming years, determined by
rapid urbanization. The following companies are key players in the 3D printing construction
market: Yingchuang Building Technique (Shanghai) Co., Ltd. (Winsun), WASP, CyBe
Construction, Sika AG, MX3D, Apis Cor, Contour Crafting Corp., Technology, Inc., XtreeE,
COBOD International, Constructions-3D and ICON.



2.1.1. Overview of 3D printing in construction

This segment will cover some notable projects characterized by technological
advancements, substantial budgets, and large scale, in addition to highlighting the companies
with the most significant global presence. To begin with a review of each continent, America
has the biggest number of important companies in the field, especially in the United States,
such as ICON, Apis Cor, Mighty Building, Alquist, Pikus3D, S-Squared, Diamond Age,
Contour Crafting, Changer-Maker, Building Machines, among others (Iribar, 2023; Morrison,
2024).

From there, will be point out, even more, the first two companies because the projects
involved have a wide variety of purposes, from houses that have a sustainable design and
architecture like House Zero (ICON, 2021) to houses that simulate Mars’s surface like Mars
Dune Alpha, ICON is trying to make their 3D printed houses suitable for any circumstance
and customer (ICON, 2022). On the other side, Apis Cor, is looking for more accessible and
affordable houses, selling more 3D printers than houses and had already built a two-story
house standing at 32 feet tall. Apis Cor’s printers are known for their versatility and ability to

work in challenging environments (Apis Cor, 2024).

Regarding Europe, it can be included several companies such as CyBe, XtreeE,
WASP, and COBOD (Ashcroft, 2024). The advent of 3D printing technology has renewed the
construction area, facilitating the fabrication of intricate structures with unparalleled
efficiency and cost-effectiveness. In 2022, XtreeE constructed five minimalist homes in
Reims, France, each equipped with a kitchen, bed, and washrooms. They claimed these homes
used 50% less concrete than traditional construction methods (Rincher, 2023). Other
remarkable case was the eco-habitat printed by a Crane printer WASP in Massa Lombarda,
Italy. This 3D printed construction project, by Rincher (2023), used natural, reusable, and

recyclable materials, and is adaptable to any climate.

Asia has notable examples, like the world's first 3D-printed apartment building,

created with WinSun's mix of cement, sand, fiber, and a proprietary additive. Construction



took place in Jiangsu Province, China, in 2015 and took 6 days at $161,000 (Rincher, 2023).
WinSun claimed that at the time of building this project, it was the world’s tallest 3D printed
construction (Rincher, 2023). Another great example occurred in Bengaluru, India where the
project utilized the COBOD BOD?2 construction 3D printer. Constructed for approximately
$27,500, the building's cost is about 40% less than it would have been using traditional
construction methods (Rincher, 2023). It is noteworthy that a social media user residing

nearby commented that the noise level during construction was "the bare minimum" (Rincher,

2023).

Africa was not excluded from the 3D printing industry, and great examples are the
projects in Kilifi, Kenya, and Fianarantsoa, Madagascar (Rincher, 2023). The first one was
printed with the Danish 3D printing company, COBOD. Alleged to be the world's largest 3D-
printed reasonably priced housing complex (Peels, 2021), Mvule Gardens aims to reduce high
rents for Kenya's urban population, 90% of whom rent their homes (Rincher, 2023;
Kremenetsky, 2022). In the second project, in charge of the company Thinking Huts allied
with COBOD, they developed Madagascar’s first 3D printed school (Rincher, 2023).

Likewise, Oceania has not been indifferent to the industry, and Contour3D printed in
May 2023 the first 3D-printed one-bedroom home with a Full Occupation certificate in
Sydney, Australia (Contour3D, 2023). This project required 14 hours of print time over 2 days
to complete the construction of the house. It was constructed using 24 tons of Contourcrete™,
a proprietary 3D printable concrete developed by Contour3D. The home features exceptional
comfort, incorporating a VersiClad roof and walls with PU insulation foam, which ensures a

serene acoustic environment (Contour3D, 2023).

3D printing, initially linked with prototyping and bespoke consumer products, has seen
a significant rise in its use within the construction sector (Hassan et al., 2024). Additive
Construction (AC) is now utilized in a variety of projects, ranging from small-scale structures
to medium-scale endeavors like 2000-square-foot houses (SQ4D LLC, 2024), bridges such as
the one in China (Walsh, 2019), and entire communities (ICON, 2022). This technology's
ability to convert virtual projects into real structures with high precision, decreased waste,
speed, and improved site safety has spurred modernization in architectural and engineering
fields, garnering substantial interest (Paritala et al., 2023). The United States currently leads
in adopting Construction 3D Printing (C3DP), followed by the Netherlands (Wohlers
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Associates, 2022). As illustrated in Figure 2.1, this technology is also being adopted in
numerous other countries, with industry forecasts predicting an annual growth rate of 13.2%

for C3DP from 2022 to 2027 (IndustryARC, 2022).

Figure 2.1. Global distribution of Construction 3D Printing by country (Wohlers Associates,
2022).

2.1.2. Regulatory Landscape in 3D Construction Printing

In this field, several standards published by the ISO can be considered in collaboration
with ASTM International. The International Organization for Standardization (ISO) is a global
association comprising national standards bodies (ISO/ASTM International, 2018). ISO is an
independent, non-governmental entity that facilitates the collaboration of global experts to
establish optimal practices. Their scope encompasses various domains including climate
change, healthcare, quality management, and artificial intelligence. ISO's mission is to
improve the quality of life by facilitating, ensuring safety, and making improvements (ISO,

2024). The line of chronological guidelines in additive manufacturing is shown in Figure 2.2.

ISO/ASTM 52915 ISO/ASTM 52910 ISO/ASTM 52939
2016 2018 2023
. | | | | o
2017 2021
ISO/ASTM 52901 ISO/ASTM 52900

Figure 2.2. Timeline of 3D construction printing standards.



The ISO/ASTM 52915 (ASTM International, 2016) offered guidelines for employing
additive manufacturing in the construction of buildings and infrastructure. It addressed
essential topics such as material properties, process control, and quality assurance measures.
However, ISO removed this guideline to emphasize the new ones’ requirements. On the other
hand, the ISO/ASTM 52901 (ASTM International, 2017) specifies requirements for the
qualification of machine operators, materials, and processes in additive manufacturing. This
standard is critical for ensuring that both personnel and materials meet the necessary

qualifications and standards in construction applications.

Additionally, the ISO/ASTM 52910 (ASTM International, 2018) provided specific
guidelines for design considerations in additive manufacturing. Key aspects covered the
design process, material selection, and the requirements of additive manufacturing
technologies. Meanwhile, the ISO/ASTM 52900 (ASTM International, 2021) serves as a
foundational document, offering a thorough overview of additive manufacturing procedures,
terminology, and definitions. This standard is essential for understanding the various facets of

additive manufacturing, including its application in construction.

Lastly, the ISO/ASTM 52939 (ASTM International, 2023), labeled "Additive
manufacturing for construction — Qualification principles — Structural and infrastructure
elements", seeks to guarantee quality, safety, and competence in the 3D printing construction
business. Specifically, it outlines quality assurance requirements for additive construction
projects, focusing on structural and infrastructure elements produced using additive
manufacturing techniques. Together, these standards establish a robust framework to ensure
that 3D printing in construction is performed safely, efficiently, and with high-quality
outcomes. Moreover, they provide essential guidance for the qualification of materials,
processes, and personnel involved in additive manufacturing for construction, thereby

supporting the advancement of this innovative technology.

2.1.3. Challenges in Medium-scale 3D Printing

In comparison to laboratory-scale 3D printing research, medium-scale 3D printed
concrete (3DPC) is utilized for practical construction projects, including real-size elements,
formworks, and monolithic buildings. Consequently, medium-scale 3DPC can be regarded as

an advancement over lab-scale 3DPC. Furthermore, medium-scale 3DPC can be categorized
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into three types: 1) 3D printing elements, 2) 3D printing formworks, and 3) on-site monolithic
3DPC, as illustrated in Figure 2.3. In this specific project, types 1 and 3. The process of 3D
printing elements encompasses several stages, including the preparation and transportation of
concrete, the fabrication of prefabricated elements in a controlled factory environment, the
transportation of these elements to the construction site, and their subsequent assembly on-
site (TotalKustom, 2019; Anton et al., 2021; Khoshnevis et al., 2006; Lim et al., 2011).
Research on 3D printing formwork has been conducted both in factories and on-site (Xiao et

al., 2021).

Figure 2.3. Types of medium-scale 3DPC: (a) printed elements, (b) printed formworks, and
(c) on-site monolithic 3DPC (Xiao et al., 2021).

In current years, vast study has been done in laboratories to investigate the printability
and mechanical properties of 3D printed concrete (3DPC) (Panda et al., 2019; Shakor et al.,
2017; Figueiredo et al., 2020; Tay et al., 2019; Roussel, 2018). Additionally, numerous
optimizations have been developing the enhancement of the mechanical properties of 3DPC,
including improvements in interlayer strength through mesh reinforcement, the incorporation
of fibers, and the use of admixtures (Marchment & Sanjayan, 2020; Bos et al., 2019;
Nematollahi et al., 2018; Ding et al., 2020; Sikora et al, 2021; Panda et al., 2017).

Concurrently, the printability of 3DPC, encompassing aspects such as pumpability,

extrudability, and buildability, has also been a focus of study and improvement in various
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laboratories (Figueiredo et al., 2019; Tay et al., 2019; Kruger et al., 2019; Panda et al., 2019).
To meet these specifications, the rheological properties of fresh printable concrete must differ
from those of traditional concrete. Printable concrete should demonstrate high flowability and
an extended setting time during storage, pumping, and extrusion. After deposition, it should
exhibit low flowability, high green strength, and a rapid setting rate (Malaeb et al., 2015;
Mechtcherine et al., 2019).

In addition to printability, the environmental and economic aspects of medium-scale
3D printed concrete (3DPC) are also significant areas of study. While the overall cost of
construction using 3DPC technology is viable with traditional construction methods due to
reduced labor expenses and the elimination of formwork, the price of printable concrete
material remains higher than that of conventional concrete (Han et al., 2021). Lowering
printing ink costs is crucial for reducing 3DPC project expenses. Various methods can boost
economic and environmental characteristics, such as using geopolymer, supplementary
cementitious materials, and printing hollow structures (Panda et al., 2017; Panda & Tan, 2018;
McLellan et al., 2011). Additionally, incorporating coarse aggregates and recycled aggregates
in 3D printing concrete reduces cement consumption, thereby decreasing carbon emissions

and printing costs (Xiao et al., 2021).

It 1s essential to develop a concrete mix design that exhibits thixotropic rheological
behavior and is resistant to segregation, while being pumpable, extrudable, buildable, and
suitable for printing in various weather conditions. This mix should incorporate small coarse
aggregates to ensure adequate mechanical properties and prevent clogs within the 3D printing
equipment. Furthermore, the formulation should have appropriate tensile properties to
minimize or eradicate the necessity for steel reinforcement. It is also essential to use locally
available materials to avoid the necessity of acquiring products from overseas (Al-Tamimi et

al., 2023).

In addition, the reinforcement construction and the 3D preparation and mix must be
considered. Reinforcement construction is a critical area of study in both lab-scale and
medium-scale 3D printed concrete (3DPC) to ensure structural strength and compliance with
building standards (Asprone et al., 2018; Mechtcherine et al., 2018; Li et al., 2020; Bester et
al., 2021). Various methods have been proposed, the most common method involves printing

one layer of filament, placing horizontal reinforcement, and then printing the next layer,
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repeating this process as needed (Xiao et al., 2021). Additionally, Bos et al. (2017) developed
a 3DPC system capable of automatically and synchronously print filaments and place metal
cables, significantly enhancing post-crack resistance. Although the bond strength of 3DPC
with metal cables is lower than that of cast concrete with conventional ribbed rebar, this

automated approach shows promise for medium-scale 3DPC constructions (Xiao et al., 2021).

Conversely, in medium-scale 3D printing, a greater volume of concrete must be
produced and transported per unit of time to meet efficiency requirements. Mueller et al.
(2017) proposed a method to store and transport dry and liquid mixture ingredients separately,
ensuring proper particle size distribution during automated mixing and production. The
necessity for concrete suitable for medium-scale 3D printing technology has been
acknowledged (Mechtcherine et al., 2019). A list of the mix designs used with concrete for
3D printing is shown in Table 1.

Table 1. Mix proportions of concrete used in different research (Xiao et al., 2021)

Reference Cement Other Micro Fine Coarse

binders silica aggregates aggregates

Malaeb et al. (2015) 1 0 0 1.920 0
Weng et al. (2018) 1 1 0.1 0.5 0
Gosselin et al. (2016) 1 0.286 0.286 1.286 0
Le et al. (2012) 1 0.286 0.1 2.143 0
Jietal. (2019) 1 0 0 3.2 3.620
Mechtcherine et al. 1 0.4 0.3 >3.369 <0.886
(2019)

Researchers at Tongji University have devised a technique utilizing ready-mixed
concrete with a maximum coarse aggregate size of 15 mm to fulfill production and
transportation requirements (Ji et al., 2019). This ready-mixed concrete, which is produced at
a mixing station, becomes suitable for 3D printing following secondary on-site mixing with
additives. This method effectively addresses the production, transportation, and

environmental challenges associated with medium-scale 3D concrete printing (Xiao et al.,
2021).
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2.2. Materials for 3D Printing in Construction

Concrete is a widely used construction material, and with advancements in printing
technology, numerous rapidly built cement-based structures have emerged. Notable examples
include a 400-square-foot home printed in Russia within 24 hours by ApisCor (Apis Cor, n.d.),
a 400-square-meter, two-story villa constructed on-site in 45 days by Huashang Tengda (Scott,
2016), a bus stop in Shanghai, China, made from construction waste (CGTN, 2018), and the
95-square-meter Yhnova™ house, completed in 54 hours by Batiprint3D (Furet et al., 2019).

With the increasing emphasis on sustainability, there is a growing interest in
environmentally friendly materials such as geopolymers and earth-based substances.
Geopolymer-based products generally incorporate components like fly ash and slag derived
from industrial waste (Xia & Sanjayan, 2016; Panda et al., 2017; Alves et al., 2021; Alves et
al., 2022). Research has evaluated the printing capabilities of fly ash-based geopolymer
(Panda et al., 2017). Additionally, Al-Qutaifi et al. (2018) investigated the constructability of
fly ash-based mixtures. Another study by Panda et al. (2018) examined the effects of ground
granulated blast-furnace slag (GGBS) and silica fume on the properties of fly ash-based

printing mixtures.

Therefore, in search of more sustainable options, the idea of using the earth emerged.
Earthen materials have a rich historical background. In the early 20th century, earth was
replaced by modern industrial materials as a building material in Western countries (Rojat et
al., 2020). However, earth is the first-born building material, its usage dates to around 10,000
BCE in Mesopotamia (Heathcote, 1995), and approximately 30% of the world's existing

architecture is made of earth, with its territory spread presented in Figure 2.4.

Moreover, the advantages of earth-based materials include lower environmental
impact (Aubert et al., 2016; Gomaa et al., 2022), ease of acquisition, and good thermal
performance (Gomaa et al., 2022). Rammed earth is a simple and cost-effective technique to
achieve high thermal mass in construction walls (Dobson, 2015). Combining additive

manufacturing with earth-based materials could lead to a more sustainable building production
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process, significantly impacting the future construction industry (Ji et al., 2023).

Figure 2.4. Earthen construction worldwide. (CRA Terre, 2021).

2.2.1. [Earth-Based Mixtures: Applications and Benefits

In 2020, the construction sector accounted for 37% of global greenhouse gas emissions
(REN21, 2022) and generated 25% of the world's solid waste (Fritz Benachio et al., 2020).
Given the significant pollution associated with this sector, it is crucial to find maintainable
methods and materials to mitigate its harmful impacts on both the environment and society

(Faleschini et al., 2023).

Cesaretti et al. (2014) investigated the use of D-shape technology for constructing
habitats with lunar soil in the context of using earth materials for 3D printing. A. Perrot et al.
(2018), Veliz Reyes et al. (2018), and Algenaee et al. (2022) examined the possibility of the
usage of earth-based materials for extrusion in 3D printing. Despite some load-bearing
challenges, the last year earth structures produced by WASP in Italy highlight the potential

for earth-based residential construction as is shown in Figure 2.5.
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Figure 2.5. 3D printed clay house (Mario Cucinella Architects, 2024)

Nevertheless, these studies remain in their preliminary stages. Bajpayee et al. (2020)
illustrated the multi-scale approach for designing appropriate construction materials using soil
for 3D printing, as shown in Figure 2.6. This figure delineates the design process from atomic-
level considerations to macroscopic properties. This study seeks to initiate the first stage of
characterizing and developing soil-based material for 3D printing while evaluating its

performance in these applications.

Figure 2.6. Process flow for soil utilization (Bajpayee et al., 2020)
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Likewise, earthen material, sourced from natural soil, is abundant globally. It mainly
comprises silica and limestone particles, along with a minor portion of fine micrometer-sized
clay particles that function as the binder (Fabbri et al., 2022). Clays consist of sheets of
aluminate and silicate with a strong attraction to water. Considering certain temperature and
pressure conditions, clay particles either preserve water during drying or absorb it while
dampening, forming capillary bridges that provide the material with mechanical endurance
(Van Damme et al., 2010). Additionally, this water affinity endows earthen materials with

hygrothermal regulation properties (Azil et al., 2023).

The carbon footprint of earthen structures constructed employing traditional methods
such as rammed earth or cob is minimal due to the minimal transformation of the material and
the reliance on human labor. (Pacheco-Torgal & Jalali, 2011; Assun¢do et al., 2024).
Digitalizing earthen construction can reduce labor intensity and increase productivity, making
it economically viable in first-world nations (Kloft et al., 2019; Schweiker et al., 2021). This
method allows for mass production and standardization, tackling the lack of industrialization

in earthen construction globally (Sonebi et al., 2022; Hebel & Heisel, 2017).

2.2.2. Fiber Reinforcement in Construction Mixtures

Controlling rheological parameters is key to achieving printable capacity and vertical
constructability in cement-based materials. Firstly, it is essential to adjust shear yield stress
and cohesion to ensure printability (Varela et al., 2024). Over time, structural build-up needs
to increase to prevent the printing piece from experiencing a plastic collapse, thoroughly
developed by Varela et al. (2023a), Roussel (2018), and Wolf et al. (2019). Adding fibers in
3D printing mortars can effectively attend these challenges, as suggested by Li et al. (2024)
and Varela et al. (2023b).

Specifically, plant fibers present a promising prospect due to their strengthening
capabilities and their natural, renewable origins, as noted by Fidelis et al. (2013), Varela et al.
(2023b), and Bohuchval et al. (2020). The unique characteristics of Sisal fiber (SF), such as
its irregular cross-section, high flexibility, strength, and water absorption capacity, improving
the shrinkage highlighted by Toledo Filho et al. (2009), De Andrade Silva et al. (2008), Ren
et al. (2022), and Castoldi et al. (2024), make it an excellent choice for reinforcing printable
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mortars. These properties can enhance both the rheology and the hardened properties of the

material. For a better choice of fibers, it is worth first prioritizing the ones that have a lower

CO; footprint, hence proving their sustainability. Table 2 shows the available fiber options.

Table 2. CO» footprints of natural fiber, synthetic fiber, and polymer matrix material

(Shahinur & Hasan, 2019).

Fiber CO: footprint (kg- References
CO2/kg)
Natural fiber Jute 0.566 (Singh et al., 2018)
Coir 0.367 (Grasselly et al., 2009)
Flax 0.520 (Singh et al., 2018)
Synthetic fiber Glass 0.85 (Patty & Anne, 2004)
Glass fiber 1.45 (Anon, 2012)
Glass composite 8.1 (Shahinur & Hasan, 2019)
Polymer materials Polyester 0.00952 (Patty & Anne, 2004)
PP 1.4 (Narita et al., 2002)
PE 1.3 (Narita et al., 2002)
Epoxy 5.7 (Anon, 2012)
PLA 47+ 1.5 (Patty & Anne, 2004)

The study of Shahinur & Hasan made a comparison among natural, synthetic, and
polymer fibers, which were included here for referential purposes. However, this will be only
considered for the discussion of natural fiber since it is the target of this thesis study.
Moreover, despite the sisal fibers not appear in Table 2, a study from Broeren et al (2017)
gave the average number of 0.75 CO2 footprint (kg-CO2/kg), so it will be still considered in
further study. Furthermore, the mechanical properties of some natural fibers are displayed in
Table 3 where the best options overall are jute, bamboo, and banana fibers. Therefore, there
will be a predilection towards the jute fibers considering their affordability and easier process

to manipulate.

Table 3. Mechanical properties of natural and synthetic fibers. (Shahinur & Hasan,
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2019).

Fiber Density Tensile Young’s References
(gm/cc) strength modulus
(MPa) (GPa)

Sisal 1.45-1.50 67 3.7 (Célino et al., 2014)

Flax 1.54 28 - 85 0.3-2 (Célino et al., 2014)

Coir 0.67—-1.15 220 6 (Célino et al., 2014)

Jute 1.30 - 1.45 393 -773 13-27 (Célino et al., 2014)
Bamboo 1.32 140 — 230 11-17 (Célino et al., 2014)
Banana 1.35 335 33.8 (Célino et al., 2014)

The addition of sisal fibers in concrete marginally decreases compressive strength at
higher percentages but enhances overall structural performance. It is advised to use 5 cm long
fibers in quantities of 0.5% to 0.75% by weight (Sosa et al., n.d.). Synthetic fibers, especially
polypropylene (PP) fibers, have been used for many years to reduce or prevent plastic
shrinkage cracks in concrete. Dahl (1986) observed a notable decrease in cracking by
incorporating fibrillated polypropylene fibers at a concentration of 1 kg/m? of concrete. These

fibers were added in packs during the blending process.

Therefore, given that concrete production depletes substantial quantities of non-
renewable resources and contributes significantly to COz footprint, substituting synthetic
fibers with renewable ones, especially vegetable fibers, is a step towards sustainability (Torgal
& Jalali, 2011). Soroushian and Ravanbakhsh (1998) successfully utilized cellulose fibers at
a dosage of 0.06% by volume to reduce plastic shrinkage cracking in both normal and high-
performance concrete. Soroushian (2000) further reported that incorporating 0.2% cellulose
fibers by volume significantly reduced the maximum crack width in concrete, decreasing it

from approximately 0.14 mm to 0.02 mm.
Conversely, Boghossian and Wegner (2008) carried out an experimental study on
mortars reinforced with flax fibers, concluding that natural fibers were equally effective as

PVA fibers in mitigating both the number of cracks and the overall crack area. The primary
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conclusion of this study indicates that both kenaf and jute fibers are viable alternatives to
polypropylene (PP) fibers for mitigating plastic shrinkage cracking in concrete, as well as

other fresh cementitious materials such as mortars and renders (Lura et al., 2024).

2.2.3. Properties and Optimization of Earth Mixtures

Research shows unstabilized rammed earth and compressed earth blocks can be
sustainable alternatives to concrete caused by their low embodied carbon. These methods can
reduce carbon impact by approximately 80% when used as nonstructural building elements
(Hammond & Jones, 2008). In addition to their environmental benefits, these materials offer
excellent thermal performance. For instance, Shibam, Yemen, features load-bearing earth
structures as tall as 10 stories, demonstrating the strength and durability of these materials.
Studies have shown that unstabilized raw earth-building elements can achieve compressive
strengths between 1.5 and 4 MPa (Giuffrida et al., 2019). Nevertheless, the extensive
acceptance of structural building codes for earthen manufacture remains a challenge in most

countries (Curth et al., 2024).

Subsequent to this, during the preparation of soil for construction purposes, the
material must be thoroughly sifted, and water should be added to obtain a consistency suitable
for pumping (Curth et al., 2024). Accurate water content measurement involves determining
the soil's initial water content by weighing a sample before and after oven drying, as specified
in ASTM D2216. Additionally, the water content for 3D printing earthen mixes must be higher
than that used for compressed earth blocks (CEB) or rammed earth to aid in the pumping
process. This increased water content leads to extruded materials generally having a higher
density than traditional earthen methods. Balancing shrinkage rate with desired final material

density is crucial (Curth et al., 2024).

Furthermore, the initial evaluation of soil suitability can rely on straightforward field
tests provided by organizations like the Food and Agriculture Organization of the UN and
CraTerre. These practical methods, including dampening the soil to assess its texture,
conducting drop tests, and performing ribbon tests to evaluate clay content and cohesiveness,
offer a cost-effective starting point (Centre for the Development of Industry & CraTerre-EAG,
1998; Food and Agriculture Organization of the United Nations, n.d.). However, for more

comprehensive assessments, geotechnical, structural, and chemical laboratory analyses can
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complement on-site evaluations. In many cases, though, physical soil analysis conducted on-

site 1s sufficient to initiate construction work.

2.3. Fresh-State and Hardened-State Properties

The materials used in the 3D printing process must meet the printability requirements
of the extrusion printing system, including open time, interlayer bonding, buildability,
pumpability, extrudability, among others (Ji et al., 2023). Among these factors, pumpability
and extrudability are essential for ensuring the material can be efficiently transferred and
printed, producing a continuous and well-defined filament at the start of the process (Ji et al.,
2023). Pumpability refers to the ease with which a material can be transported through the
system, while extrudability defines the ability of the fresh mix to pass smoothly through the
nozzle without clogging. Buildability represents the material's capacity to sustain layered
construction, while open time indicates the period after which the material begins to lose its

extrudability (Choi et al., 2014).

Extrudability is the capacity of a material to be consistently passed through an
extrusion system, whereas buildability refers to its ability to retain its extruded form under the
load of consecutive layers. In the current study, the extrudability was evaluated through
qualitative observation of the mixture's flow during the printing process (Carcassi et al., 2024).
The buildability assessment was conducted quantitatively by counting the number of vertically
deposited layers, up to a maximum of five consecutive layers. This evaluation included
examining the bond between layers, the form preservation of the freshly extruded specimens,

and the stability of the built layers in terms of their potential to fail (Carcassi et al., 2024).

Currently, researchers are concentrating on the fundamental mechanical properties of
3D printed concrete after it hardens, particularly its strength and the consequences of printing
parameters and processes on the mechanical strength of printed components (Cui et al., 2024).
The raw materials are vital for the successful printing of components. Mineral admixtures
serve as a key factor in the printing mixture, significantly influencing the working
performance and enhancing both early and late strength in printed concrete. However, there
is limited research on how mineral admixtures currently affect the mechanical properties of

printed concrete (Cui et al., 2024).
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Compressive strength refers to the capability of a material or structure to withstand
loads. The ultimate compressive strength is the highest uniaxial stress a material can withstand
before failure. The mentioned strength is commonly established experimentally through a
compressive test, applying an uniaxial compressive load until the material fails (Siddique &
Mehta, 2014). There are many other tests in hardened-state whose purpose is to evaluate and
examine the impermeability of the 3D printed samples; however, they will be discussed

thoroughly in the durability section.

2.4. Durability in 3D Construction Printing study

Concrete durability is defined as its aptitude to resist distinctive categories of
degradation, such as weathering, chemical attacks, and abrasion, over its intended service life
(American Concrete Institute, 2018). Porosity and pore morphology are key factors
influencing durability, as they significantly affect mechanical properties (Sun et al., 2022; Yu
et al., 2021; Ma et al., 2022; Chen et al., 2020; Geng et al., 2020; Sikora et al., 2021) and
durability performance (Sun et al., 2022; Zhang et al., 2021; Rui et al., 2023; Babafemi et al.,
2022; Han et al., 2022) of 3D printed concrete (3DPC). Moreover, the penetrability of the
concrete pore system is particularly critical in harsh environments, as highlighted in ASTM

C1585 (2020).

Building on this, the durability characteristics of 3DPC extend across a wide range of
performance metrics, including creep, shrinkage, fire resistance, freeze-thaw resistance, acid
and sulfate resistance, carbonation resistance, and resistance to chloride access (Ler et al.,
2024). Water absorption testing is crucial for assessing durability, as it indirectly measures the
concrete's water-accessible porosity. In fact, three out of four durability tests in the present
study involve water absorption to estimate porosity, underscoring its importance in assessing

the material's overall performance

In addition, a review of existing studies reveals that shrinkage tests are the most
examined durability assessments, with 28 studies focusing on this aspect. Following this,

researchers have conducted 15 studies on chloride ingress, 14 on freeze-thaw resistance, 11
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on fire resistance, and 10 on carbonation. Conversely, fewer studies have addressed creep (5),
sulfate attack (4), and acid resistance (2), as shown in Figure 2.7. It is worth emphasizing that
this review exclusively covers extrusion-based 3D concrete printing (3DCP) and does not
include studies on the selective binding method, such as particle-bed-based or powder-based

techniques (Ler et al., 2024).

Figure 2.7. Porosity and permeability, as well as durability tests frequency (Ler et al., 2024).
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Chapter III
Methodology

3.1. Materials

This segment outlines the materials employed in this study: soil, cement, water, and

jute fibers, which are essential components of the experimental setup.

3.1.1. Soil

The soil sample was collected from a quarry in Carabayllo district, Lima, Peru. To
prevent potential nozzle blockage, the soil underwent sieving using the N°20 (0.85 mm) from
ASTM standards. Following the sieving, various physical characterization examinations were
directed on the earth, adhering to ASTM guidelines such as ASTM D6913 (2021): Standard
Test Methods for Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis, ASTM
D792 (2020): Standard Test Methods for Density and Specific Gravity (Relative Density) of
Plastics by Displacement, ASTM D4318 (2018): Standard Test Methods for Liquid Limit,
Plastic Limit, and Plasticity Index of Soils, ASTM D854 (2023): Standard Test Methods for
Specific Gravity of Soil Solids by the Water Displacement Method, and ASTM D2216 (2019):
Standard Test Methods for Laboratory Determination of Water (Moisture) Content of Soil and
Rock by Mass. The particle-size distribution curves resulting from the sieving process

revealed that the soil consists of 4% medium sand by weight, 30% fine sand content, 41% silt-
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sized particles, and 25% clay content. These percentages are determined based on the particle
size range acclaimed by the Unified Soil Classification System (USCS). Additionally, the soil
classification highlights its potential as an extrudable and printable material, primarily
comprised of fine clayey particles with low plasticity. This composition ensures pumpability

(Perrot et al., 2018).

3.1.2. Cement

Ordinary Portland Cement (OPC) is a finely ground substance created through the
intergrinding of gypsum and clinker. Clinker, constituting the major portion of cement at
approximately 95%, is a hydraulic material produced through pyro-processing. It primarily
comprises tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), and
tetra calcium aluminate (C4AF). This study used Portland Cement SOL type I (UNACEM) to

chemically stabilize the soil matrix.

3.1.3. Water

Drinkable water was employed to organize the control soil-cement matrices. The
potable water temperature was recorded at 20 °C. Additionally, it is remarkable to notice the
difference between the theoretical and actual water quantities for a proper comparison and
evaluation of the mixed proportions. Further discussion on this matter will be provided in the

section on Humidity Control for Weathering.

3.1.4. Jute Fibers

Jute 1s obtained from the bark of the white jute plant and, to a lesser degree, from jute
mallow, both of which thrive in tropical regions. It is among the most affordable and widely
accessible natural fibers (Song et al., 2021; Ali et al., 2015; Food and Agriculture Organization
of the United Nations, n.d.)., presenting a variety of advantageous characteristics such as
considerable tensile strength (ranging from 215 to 800 MPa), low density (730—-1500 kg/m3),
and reduced thermal conductivity (Rangasamy et al., 2021; Khan et al., 2015; Majumder et
al., 2022; Bui et al., 2022). Found in its regular state, jute is a rapidly extending herbaceous
shrub classified under the genus Corchorus within the Malvaceae family (Shukla & Mittal,
2022). The largest widespread species of jute is grown for commercial production in India,
Bangladesh, China, and Thailand (Hejazi et al., 2012). The incorporation of jute fibers will be

undertaken to assess their impact on the various properties outlined herein. In the current
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paper, the quantity of fibers used is 0.3% of solids weight.

3.2. Experimental plan

The 3D printing system, named Colibri (Hummingbird in English), was utilized for all
printing experiments. This prototype, developed at PUCP (NZS D4298, 2020), is a small-scale
gantry-type 3D printer. It possesses a printing volume of 1 x 1 x 1 m, with printing rates
varying from 15 to 150 mm/s, and a flow rate range of 1.5 to 8.5 L/min. The flow rate is

manually adjustable in a MAI PICTOR concrete pump, through a mechanical inverter.

3.2.1. Mix design and material preparation

3D printed samples manufacturing procedure comprises of three phases: 1) material
preparation, ii) extrusion, and iii) deposition. During the stage that material is prepared, the
base soil and OPC were only dry-mixed, followed by the addition of water to the solid
component. The mixing process occurred at 450 rpm using a mortar mixer equipped with a
120 mm-diameter paddle, and it continued until a uniform mixture was achieved, which
typically took around 10 minutes. During the extrusion phase, the soil-based mixture was

transferred into a mortar pump after the hydraulic hose had been lubricated.

The pump's velocity was adjusted to level 2/10, enabling a material flow rate ranging
from 0.56 to 0.97 L/min, conditioned by the material's flowability. To maintain constant
extrusion, an easy push was necessary during the pouring of the material. Once a constant
flow of material was established from the nozzle, the deposition process commenced. The 3D
printer prototype was equipped with an SD memory card, which contained the specified
instructions in the G-code. As a result, the printer head relocated precisely corresponding to

these instructions during the deposition phase.

3.2.2. Humidity control for weathering

Environmental conditions, especially humidity, have a substantial influence on the
longevity and functioning of structures and materials. With an average humidity of 4%,
representing a 2% increase in water content, as shown in Table 1. Understanding the dynamics
of humidity and its fluctuations throughout the year is essential for maintaining the durability

of construction projects and preserving the integrity of various materials. The district of San
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Miguel, located near the sea, experiences two distinct seasons that influence humidity levels,
which can reach 100% (SENHAMI, 2023). Each dose of water will be classified into 3 groups
of OPC content 5, 10, and 15%. Likewise, they will study mixed designs with and without
fibers, the content is distributed in Table 4.

Table 4. Distribution of mix-designs considering the effect of humidity.

Added Water OPC Fiber
water C(())ntent C(zntent content
Matrix content (% ( ./0 by ( ./0 by (% by
Stage . weight of weight of .
ID by weight of . . solids
. water in OPC mixed .
water in the . weight)
matrix) the in the
matrix) solids)
Mix-design and SC26 24 26 5,10, 15 0
validation of soil- SC27 25 27 5,10, 15 0
cement mixtures SC28 26 28 5,10, 15 0
Mix-design and SCF26 24 26 5,10, 15 0.3
validation of fiber- g5 25 27 5,10, 15 0.3
reinforced soil-
cement mixtures SCF28 26 28 5, 10, 15 03

3.2.3. Procedure

The distribution for analyzing the fresh and hardened-state properties from a 3D
printing’s mix-design, in this paper will be in 5 stages, as displayed in Figure 3.1a) and b).
Stage 1 will explain the necessary printing parameters such as the print speed which is edited
in G-code and the speed that the extruder pump exerts. The correct calibration of these 2
parameters will have a strong impact on the print quality and the study of other properties such
as stacking and shrinkage cracking. Likewise, based on these first results, only a single ideal
water content will be evaluated, with the 3 OPC contents. Stage 2, on the other hand, will be
the section that will be studied most extensively, and will be studied fresh-state and hardened-
state properties. In the case of fresh-state properties, include the shear stress, over-time shear
stress, and Vicat test; while among the hardened-state properties, there is the compression test
that provides elastic modulus results, as well. Stage 3 is executed as a medium-scale
impression in which are only used the parameters and mix-design that had the best results.
This impression after 7 days is observed to crack, so this cracking is measured and dosages

with and without added fibers are studied, in stage 4. Finally, in stage 5, the shrinking cracking
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analysis with fiber-reinforced medium-scale printing.

Stage 1 > Stage2 > Stage3 * Staged |*»| Stage5

a)

Stage 1 - Definition of printing parameters for non-reinforced and reinforced
soil-cement matrices

Stage 2 - Fresh and hardened state characterization of non-reinforced and
reinforced soil-cement matrices

Stage 3 - Medium-scale earthen 3D printing

Stage 4 - Shrinkage cracking analysis

Stage 5 - Reinforced medium-scale earthen 3D printing
b)

Figure 3.1. a) Order and quantity of steps and b) the name for each one.

3.2.4. Fresh-state analysis

3.2.4.1. Filament printing test

This experiment is conducted to study the use of soil-cement mixtures. Further analysis
was conducted to determine appropriate widths and heights based on different printing speeds.
First, some tests were done as the 3D printer calibration process involved two key aspects:
printing speed calibration and layer height calibration. The printer was tested using a simple
soil mixture with a liquid content of 22%, considering the effects of humidity. Further analysis
was conducted to determine appropriate widths and heights based on different printing speeds
to accommodate soil-cement and soil-cement-fiber mixtures. The dimensions, geometry and

other parameters are shown in Figure 3.2.
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Figure 3.2. Filament printing experiments with earthen-based matrices.: (a) top-down view,
(b) lateral perspective with marked measurement locations on the printed filaments, and (c)
the procedure for measuring filament dimensions (Silva et al., 2022).

3.2.4.2. Shear vane test

The shear vane examination is crucial in evaluating a material or soil’s shear strength
and stability. By subjecting the sample to controlled shear stress, this test allows for
determining its resistance to deformation and failure under applied forces. Understanding the
shear strength characteristics of a material or soil is vital in various engineering applications,
such as construction, geotechnical engineering, and foundation design. The shear vane test
provides significant data concerning the material’s behavior and ability to withstand shear
forces. This protocol was based on the ASTM D2573 (2015). Therefore, the experiment will
be executed for 6 minutes, with the vane in the first horizontal 180° position and rotating
clockwise for 1 minute per quadrant. Once the time is finished, the vane is released and the
measure the vane shows will be multiplied by 0.625 for having the result in kPa. The parts of

the equipment are explained in Figure 3.3.
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Figure 3.3. Shear vane experiments: (a) Vane and its housing sized at 50.8 x 101.6 mm, (b)
Photograph depicting the actual test employing a 50.8 x 101.6 mm vane, (¢) Vane and its
container sized at 25.4 x 50.8 mm, and (d) Actual photograph of the tests utilizing a 25.4 x
50.8 mm vane. Measurements are in millimeters (mm) (Silva et al., 2022).

3.2.4.3. Overtime shear vane test

In this section, an overtime test was conducted using the shear vane test. The overtime
refers to the duration a sample remains workable and extrudable, typically 25 to 30 minutes,
depending on room temperature and humidity. So, in this experiment, the shear stress of each
mix-design will be measured at 0, 10, 20, 30, 60, 90, and 120 minutes, so it can be studied its

workability, which impacts the extrudability and printability.

3.2.4.4. Vicat-Penetration Resistance Test
A Vicat test was conducted, a method used to verify the setting time and early strength
development of cementitious materials, based on the protocol of ASTM C191 (2015). The test
involves measuring the penetration resistance of a Vicat needle, the Vicat equipment shown

in Figure 3.4, into the material in the black container as it undergoes the setting process. The
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Vicat test is essential in assessing the quality and functioning of cement-based materials. It
provides valuable information about the material solidification speed and adds strength, which
is crucial for various applications such as construction, concrete production, and quality

control.

Figure 3.4. Vicat equipment of the UTEST brand was very similar to the one used for the
tests in this section (UTEST, 2023).

3.2.4.5. Rheological characterization
The rheological characterization focused exclusively on evaluating the material's
thixotropy. To perform this characterization, an Anton Paar Smart Pave 92 Rheometer,

supplied with a ball-type spindle, was used, as presented in Figure 3.5.a).

According to Figure 3.5.b), the protocol was centered around calculating the area between
the loading and unloading curves and studying the unloading trending linear equation. These
curves, shown in the diagram, represent the increase and decrease in shear rate, and the area
between them reflects the thixotropic behavior of the material (Zhang et al., 2019). The larger
the area, the more pronounced the thixotropy, indicating how the material's structure changes
under shear stress and its ability to recover when the stress is reduced. The slope of the
equation of the trending unload determines the plastic viscosity and its y-intercept represents

the yield stress.
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a) b)

Figure 3.5. Rheological test. a) Anton Paar Smart Pave 92 Rheometer is equipped with a
ball-type spindle (Tudela Laura, 2024). b) Thixotropy test protocol (Tudela Laura, 2024).

3.2.5. Hardened-state analysis

3.2.5.1. Shrinkage analysis

Cracking refers to forming fractures or fissures in a material, compromising its structural
integrity, and often resulting from excessive stress or inadequate material properties. Within
the framework of 3D printing, acknowledging, and addressing cracking is fundamental for
guaranteeing the quality and durability of printed structures. The procedure consisted of
measuring with a graphic on a scale 1:1 shown in Figure 3.6. and comparing the cracks with
which the measurement fits better. The analysis was evaluated since it was seen that the
mixture that was not reinforced cracked after 7 days. While the one with fiber cracked after
28 days. Therefore, the 2 best dosages with and without fibers were studied in small walls of

40 cm long and 6 filaments stacked vertically.

32



Figure 3.6. This fissurometer was used to measure crack widths.

3.2.5.2. Compressive strength test at the ages of 7, 21, and 28 days

The compression test monitored the early-age mechanical strength development of soil-
cement (SC) matrices to analyze the effect of mixture content and concentration on the
compression strength of the matrices. Uniaxial compression tests were conducted at 3, 7, and
28 days on printed filament samples with a slenderness ratio of 2:1. The experiments were
performed using the machine shown in Figure 3.7 at the same speed of 10 mm/s. The tested
samples consisted of a soil-cement mixture with 5% cement by weight of solids (SC27 (5%)),
and two other samples were earth matrices stabilized with cement at concentrations of 10%

(SC27 (10%)) and 15% (SC27 (15%)) by weight of total solids.

Figure 3.7. Exceed® electromechanical test systems also known as the universal machine
from the MTS brand (MTS, 2023).
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3.2.5.3. Contact-angle test

The permeability of stabilized and unstabilized soil mixtures was evaluated using water
contact angle tests. These samples were prepared by compacting them into three layers using
a tamper and filling them with the mixture in the Vicat mold. After 28 days of curing at room
temperature, the specimens were dried at 60°C for 2 days and then re-cured at room
temperature until the change in mass did not exceed 0.2%. A single drop of distilled water
(0.5 mL) was applied to the specimen surface, and the contact angle was measured using a
Ramé-hart contact angle goniometer after 0, 60, and 120 seconds. The test arrangement is
displayed in Figure 3.8. Finally, the soil mixtures were classified as hydrophobic (low
permeability) if the contact angle was greater than 90°, otherwise, they were considered
hydrophilic (high permeability). The contact angle tests were performed in the printable soil
mixtures stabilized with SC27 (5%) and SC27 (10%).

Figure 3.8. Contact Angle Goniometer (Ramé-Hart 200) (The Sara and Moshe Zisapel
Nanoelectronics Center, 2017).

3.2.6. Durability tests

3.2.6.1. Immersion test

The immersion tests conducted aimed to evaluate the performance of the samples when
exposed to water. The samples were immersed in water for a specified duration, and any
weight changes were recorded. The low weight loss observed indicates the samples’ ability to

resist water absorption, highlighting their potential for enhanced durability and stability in

34



water-exposed conditions.

3.2.6.2. Absorption capacity

The water absorption capacity of the matrices was monitored to determine the pore size
of the absorbent material. This was feasible because the mixtures exhibited a material loss of
less than 2% by weight, which is considered an insignificant loss. The procedure followed is
a modification based on ASTM C67, and the specimens were cured under laboratory
conditions for 28 days before the test. The samples were then sunk in potable water for 24
hours. Quantities were recorded at regular periods: during the first 10 minutes, measurements
were taken every 2 minutes due to the rapid water uptake, then every 15 minutes until 1 hour
of immersion was reached. For the remaining hours, as the absorption rate slowed,
measurements were recorded every 8 hours. The total water absorption capacity was estimated
as the ratio of the variance between the saturated weight (Ws) of the specimen (after
immersion) and the dry weight (Wd) of the sample (before immersion) to the dry weight,

expressed as a percentage.

3.2.6.3. Accelerated erosion test

This study evaluated water erosion damage on 28-day-old 3D-printed earth specimens.
A severe precipitation event was simulated using accelerated erosion tests with a rainfall
intensity of 50 mm per 50 years, conducted for one hour. The accelerated erosion test mimics
two sources of erosion during rainfall: wetting caused by increased water content in the
specimen, triggering a decrease in internal cohesion, and the impact energy of water on the
specimen, weakening or breaking already fragile cohesion bonds (Morel et al., 2012) as shown

in Figure 3.9.a).

This examination was managed following the protocol of the NZS 4298 standard (1998).
The test involves spraying water at a pressure of 150 kPa onto the surface of the 3D-printed
sample positioned at 300 mm for 60 minutes or until the sample reaches considerable damage

as presented in Figure 3.9.b).
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a) b)

Figure 3.9. a) Spray test, following Walker et al. (2005) b) Accelerated erosion test set-up.
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Chapter IV

Analysis and result discussion

4.1. Stage 1: Definition of printing parameters for non-

reinforced soil-cement matrices

4.1.1. Printing speed test

The printing speeds tested were 15 mm/s, 20 mm/s, 25 mm/s, and 30 mm/s, with water
content percentages of 26%, 27%, and 28%. Additionally, each experiment was performed
using three concentrations of cement: 5%, 10%, and 15% by weight relative to the total weight
of solids. The primary objective of these experiments was to identify optimal printing
parameters for soil-cement mixtures, considering the desired performance and structural
characteristics. Figure 4.1 presents the findings of filament printing experiments on soil-

cement matrices conducted at speeds of 15, 20, 25, and 30 mm/s.

As anticipated, the results demonstrated a significant influence of printing speed on
filament width and height, with higher speeds leading to reduced filament dimensions.
Likewise, water content showed a direct correlation with filament dimensions, as increased
water content enhances the flowability of soil-cement matrices. While both printing speed and
water content impact filament height and width, the latter has the most pronounced effect.
Based on these findings, the lowest printing speed of 15 mm/s was chosen, as it produced

thicker filaments, ensuring a sufficient contact area for the upper layers during stacking.
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d) e) f)

Figure 4.1. Variations in water content and printing speed widths of matrix prepared with a)
5%, b) 10%, and c) 15% OPC content and heights in d) 5%, e) 10%, and f) 15% of OPC
content.

4.1.2. Stacking test

The stacking test is a mechanical test performed to assess the capacity of a material or
structure to tolerate vertical loads or forces when stacked or piled. It involves stacking multiple
layers or units of the material and evaluating their stability, resistance to deformation, and
overall structural integrity. The stacking test is essential in various fields, such as construction,
engineering, and manufacturing. It delivers significant understandings into the behavior and
performance of materials under load-bearing conditions, particularly when subjected to
vertical stacking forces. This test helps determine the suitability and durability of materials
for stacking applications, such as building structures, load-bearing walls, or stacked product

packaging.
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The assessments were did using a velocity of 15 mm/s and a cement content of 15%,
as these were expected to yield higher values and consequently provide more excellent
stability. SC26 exhibited the poorest performance in the stacking tests, as shown in Figure 4.2.
a), which can be attributed to the width of the printed filaments, which measured 21.5 mm.
This width may have negatively affected the stability and load-bearing capacity of the stacked

layers.

Nevertheless, SC27 and SC28, as presented in Figures 4.2, b), and c), proven the best
performance in the stacking tests. The filaments in the matrix of SC27 and SC28 had similar
dimensions, slightly exceeding 25 mm. This slightly larger size favored their construction
capabilities and contributed to their overall stability and resistance to deformation under the

stacking forces.

Nevertheless, it is worth mentioning that the bottom layer of the tower printed with
SC28 underwent considerable deformation due to its high-water content. Suggesting that the
high-water content negatively affected the structural stability of the printed tower, leading to

deformations in the lower layer.

a) SC26 (15%) b) SC27 (15%) c) SC28 (15%)

Figure 4.2. Stacking tests at the concentration of 15% in water contents of a) 26%, b) 27%,
and c) 28 %.

39



4.2. Stage 2: Fresh and hardened state characterization

of non-reinforced

4.2.1. Fresh-state characterization
4.2.1.1. Shear stress

The current mechanical test known as the shear vane test was carried out on S22, S23,
SC23,SC24, SC25, SC26, SC27, SC28, and SCF samples, non-reinforced and reinforced with
jute fibers. S22 and S23 are mixed with only soil and water. Figure 4.4 displayed the changes
in shear stress of the matrix prepared with the different water content (%) and fiber
reinforcement dosages. The water content is the decisive factor on the shear stress, showing a
clear reduction of the value. However, fiber addition as reinforcement showed no remarkable
effect. Le et al. (2012) evaluated the mix designs and fresh properties for high-performance
concrete resolving that the range from 0.3 to 0.9 kPa is the most suitable for optimum
printability as shown in Figure 4.3. Nevertheless, at the moment of printing S22 and S23
filaments, good quality was observed, and a suitable extrusion velocity from both solutions.
Hence, the S22 and S23 shear strengths set the standard and an adequate result so the

appropriate range was considered 0.3 - 2 kPa of shear stress in the mix dosage.

Figure 4.3. Impact of retarder dosage on workability over time (Le et al., 2012).

This information is essential for designing structures and determining appropriate
construction techniques. Furthermore, comparing the shear stress values with those of a
validated sample, S22 allows a better understanding of the material’s performance. As

illustrated in Figure 4.4, the satisfactory stability exhibited by SC27, SC28, SCF27, and
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SCF278, with the highest OPC content (15%), further supports its suitability for the intended
application. However, due to the stacking results in the previous sections, the dosages SC27

and SCF27 will only be considered for further analysis.
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Figure 4.4. Comparison between shear stress with and without jute fibers.

4.2.1.2. Over time shear stress

Over time shear stress was studied to evaluate the stacking quality of the matrix, since
impacts directly printability. The maximum shear stress reached is 8 kPa in all matrix samples
as seen in Figure 4.5. The non-reinforced matrix SC27 presented similar behaviors regardless
of the volume of OPC content. The fiber-reinforced matrix SCF27 (10%) showed no change
of shear stress in 10 minutes as a non-reinforced matrix but a linear increase of shear stress

with time was observed after 10 minutes.

In the presence of plant fiber reinforcement, the matrix with higher OPC (SCF (15%))
content resulted in faster drying and shear stress increase. SCF27 (15%), reinforced with fibers
and containing the highest amount of OPC, showed a remarkable growth of shear stress in a
short period by reaching a maximum of 8 kPa in 20 minutes. The results were predictable
since the plant fibers are hydrophilic and favor absorbing water (Célino et al., 2014), and the
drying speed of cement is faster than the soil. Is worth mentioning that SCF27 (15%) is the
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least favorable since it dries faster and the longer it takes to dry the better, since it allows more

time to print and the nozzle does not get stuck with the dried matrix.
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Figure 4.5. Over time in shear stress curves.

4.2.1.3. Vicat test

In Figure 4.6, the results of the Vicat test are presented as the penetration depth with time.
The penetration depth represents the initial strength of the matrix and thus the dry condition
must play a decisive role. OPC content and fiber reinforcement are important factors in the
drying matrix. SCF27 presented as the faster drying than non-reinforced (SC27). The OPC
volume content significantly affected the penetration depth, presenting higher OPC content

with more resistance to penetration.

Non-reinforced mix-designs, the one with less OPC content (SC27 (5%)) takes more
than 5 h to be entirely impenetrable so it dries slower, while the one with more OPC content
(SC27 (15%)) dries entirely within 4.5 hours. It can be seen a trend of fiber-free mix designs
that take a little longer to dry since the needle can penetrate for more than five hours in the

medium point (SC27 (10%)).

On the other hand, fiber-reinforced mixtures can be speculated to dry faster since the
fibers help absorb water more quickly, due to the fact it takes four hours as can be seen in
Figure 4.6. Within these reinforced mixtures it can be appreciated that higher OPC contents
(SC27 (15%)) are appreciated in a more uniform drying process while in lesser OPC contents
(SC27 (5%) and SC27 (10%)) this fluctuates more, for example from hour 1 to 2 the pace is

faster than from hour 2 to 3 and this one, consequently, to hour 3 to 4.
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Figure 4.6. Vicat test curves from a mix-design of 27% water with and without jute fibers
for 5 hours.

4.2.1.4. Rheological characterization
In the case of rheology, it has been chosen to quantify it through the value of the
thixotropy, the yield stress, and the plastic viscosity. For calculating these properties, it was
considered the area between the two curves of load and unload of charges for the value of
thixotropy, the y-intercept of the unloading curve trending line as the yield stress. The slope
of the unloading curve trending line for the plastic viscosity, all three properties shown in
Figure 3.5. The mix designs of SC27 (5%), SC27 (10%), and SC27 (15%) graphs are displayed

in Figure 4.7, as a, b, and c, respectively.

The thixotropy values increase as the quantity of cement in the solids' weight does; the
values are 3220.45, 4552.95, and 8967.23 Pa/s. Regarding the plastic viscosities, they resulted
in 4.75, 5.67, and 2.821 Pa.s for the values of OPC of 5, 10, and 15% respectively. Zhang’s
(2019) findings confirmed that for successful printing in this experiment, the material needed
to fall within a viscosity range of 3.8—4.5 Pa.s, a yield stress of 178.5-359.8 Pa, and a
thixotropy value below 6284.5 Pa/s. If the thixotropy was too high, the 3D printing concrete
materials failed to produce a complete specimen or section, as they either became excessively

wet or too rigid to print properly.

As can be perceived in the case of thixotropy, the only one that accomplished this

criterion is the SC27 (15%), in the case of viscosity, the closest option near the range was the
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Shear stress (Pa)

SC27 (5%), and all three of them accomplished with the yield stress parameters. Moreover,
considering the haptic qualities of the mix designs, it was perceived as a quick dryness and
that discouraged the decision to peak at this one as the best mix design. Therefore, the balanced
option was the SC27 (10%). Likewise, is worth to mention all the fiber-reinforced specimens
were tested as well, however, exceeded the safe limits of the thixotropy of the equipment,

demanding to stop the rheometer measuring.
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Figure 4.7. Loading and unloading curves of design mixtures a) SC27 (5%), b) SC27 (10%),
and c) SC27 (15%)

44

10



4.2.2. Hardened-state

4.2.2.1. Elastic modulus

Elastic modulus was studied to verify the mechanical characteristic of the strength of the
matrix after curing for 3, 7, and 28 days. The results were presented in Figure 4.8 and proved
that the OPC content in the matrix plays a key role in mechanical strength. A dramatic increase
was observed when the OPC content increased from 10 to 15 % on both non-reinforced and
reinforced matrices with curing time. Similar results were obtained by Nguyen (2024) and
discovered by Balmer (1958), which shows that the elastic modulus of soil matrix expanded
with the amount of OPC content. The fiber reinforcement slightly influenced the drying state
as shown at 28 days between SC27 (15%) and SCF27 (15%) in Figure 4.8. However, no effect
on mechanical behavior resulted, presenting no notable differences among the other mixed

concentrations.

Figure 4.8. Elastic modulus from mix-designs of 27% of water content.

4.2.2.2. Compression test

An increase in compression stress was observed on the matrix with a higher content of
OPC as shown in Figure 4.9. However, the value increased with curing time when the matrix
with low OPC content (SC27 (5%)) presented a reduction of compression stress and reached
its lowest value on the 28th day of curing. Likewise, between 7 days and 28 days, there is a

decrease in the compression strength of the SC27 (15%) mix design. On the other hand, SCF27
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(10%) has an augmenting pattern not as high as SCF27 (15%). However, an increase overall

can be appreciated with most mixed designs.

Figure 4.9. Compression stress behavior in 3, 7, and 28 days after printing.

4.2.2.3. Contact-angle test

The findings of the contact-angle tests performed with the cement-stabilized printable
soil mixtures SC27 (5%) and SC27 (10%) are shown in Figure 4.10. These were prepared by
compressing them into three layers using a tamper and filling them with the mixture in a mold.
This methodology allows for obtaining consistent and reproducible samples for subsequent
evaluation. Concerning the results obtained, it was determined that the surfaces of the
manufactured samples had mainly hydrophobic characteristics, that is, they showed a
tendency to repel water. However, some surfaces with hydrophilic traits were also observed,
which showed an affinity for water. It is worth mentioning that there were 3D printed samples
done with the 3 dosages (SC27 (5, 10, and 15%))), all of them showed hydrophilic behavior
with immediate absorption of the water and were not included due to their biased results that
could be affected by their pores. Likewise, a hydrophobic behavior can be considered
advantageous, hence its perks range from anti-corrosion coverings to anti-icing technologies

(Lohatepanont et al., 2024).
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SC27 (5%)

SC27 (10%)

Figure 4.10. Results of the water contact angle test: (a) Contact angles over time for the
printable soil mixtures; SC27 (5%) at (b) 0 s; (c) 60 s; (d) 120 s and SC27 (10%) at (e) O s;
(f) 60 s; and (g) 120 s.
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4.2.3. Durability

4.2.3.1. Immersion test
As presented in Figure 4.11, the SC27 sample (5%) showed a total weight loss of 1.9%,
while the SC27 sample (10%) recorded a total weight loss of 1.6%. These results indicate that
both samples maintained their structural integrity and suffered minimal weight loss during the
28-day curing study period. Also, it could be assured that higher OPC content leads to less

erosion and, subsequently, material loss after water immersion.

Figure 4.11. Immersion tests: (a) Material loss due to water immersion; samples 1 of SC27
(5%) (b) before; and (c) after; samples 2 of SC27 (5%) (d) before; and (e) after; samples 1 of
SC27 (10%) (f) before; and (g) after and samples 2 of SC27 (10%) (h) before; and (i) after.

In addition, the absorption capacity of both mixtures was evaluated. The total
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absorption values ranged from 24% to 26%, indicating that the SC27 (5%) and SC27 (10%)
mixtures have almost identical absorption capacities. The detailed results and the
corresponding graphs are presented in Figure 4.12, where the relationship between weight loss

and the absorption capacity of the evaluated mixtures is appreciated.
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Figure 4.12. Immersion test considering total water absorption.

Therefore, the results indicate that the soil-cement sample at 10% of this on solids, and
the mixtures with chitosan presented an insignificant weight loss and had an absorption
capacity within the expected range. These findings support the feasibility and potential of the

evaluated mixtures for possible application in the corresponding field of study.

4.2.3.2. Accelerated erosion test
During the execution of the test, samples with a minimum height of 200 mm were
required. Among the specimens evaluated, specimen SC27 (10%) stood out for its successful
performance, showing only surface wetting without crumbling compared to specimen SC22.
Detailed results on the accelerated erosion resistance of S22 and SC27 mixtures (10%) are

found in Table 5.

After the assay, specimen SC27 (10%) demonstrated remarkable strength and
durability, with no evidence of significant deterioration. A slight abrasion was observed in the
area in contact with water, indicating its ability to withstand adverse weather conditions, such
as high precipitation. Likewise, this statement is supported by the Erodibility index chart from
Morel et al (2012) in which the sample is categorized as slightly erosive. These results

highlight the suitability of cement stabilization, specifically at a 10% concentration, to provide

49



a reliable and durable option in environments exposed to severe weather conditions such as

precipitation.

Table 5. Comparison between the before and after the accelerated erosion statuses of

the mix design S22 and SC27 (10%)

Mix design Erosion 3D-printed samples before  3D-printed samples after the

index the erosion test erosion test
S22 Fail
SC27 |

(10%)

4.3. Stage 3: Medium-scale earthen 3D printing

About medium-scale prints, it was possible to corroborate with the mixture of SC27
(15%) the printability of an 80 cm high sample with a gross area of 37.25 cm x 94.5 cm as
displayed in Figure 4.13.b). The Rhinoceros software plus the Grasshopper plugin worked a
geometry in the form of adjacent hollow hexagons, as shown in Figure 4.13.c) in plan and
isometric in Figure 4.12.a). Settings were the following: print speed of 15 mm/s, 40 mm wide,
20.5 mm high, and 39 layers. There were 11 batches of 25 kg each. The first batch was printed

in 25 minutes and the others in approximately 20.
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a) b)

c)

Figure 4.13. Medium-scale 3d printing of soil-cement a) rendered, b) real, and ¢) its plan
view.

4.4. Stage 4: Shrinkage cracking analysis

Cracking is a common issue during the printing process when a wall is constructed
with dimensions exceeding the maximum load-bearing capacity of the material. In the case at
hand, a wall with dimensions of 80 cm in height and a span of 94.5 cm was printed. Plastic
shrinkage problems arose, evidenced by a crack that extended from the outermost layer to 10

layers inward, occurring at the midpoint of the slimmest side, as can be seen in Figure 4.14.
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The length of the main and longest fissure was 23 c¢cm, and the width was 2 mm in its thickest

section.

a) b)

Figure 4.14. a) Fissure in a soil-cement mix until the eleventh layer downwards, b) Zoom of
the fissure.

This type of cracking is frequently observed in 3D-printed concrete mortars due to the
formation of negative capillary pressure as pore water evaporates. This pressure leads to
volumetric contraction or three-dimensional shrinkage of the material. Cracks could develop
when this shrinkage is restricted and the resulting stress exceeds the material's tensile strength
(Combrink, 2012). Figure 4.15 illustrates examples of damage caused by shrinkage-induced
deformations in 3D-printed concrete. These cracks often extend across multiple layers,
compromising the structure’s durability, functionality, and aesthetic quality (Markin et al.,

2024).
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(a) (b)

Figure. 4.15. Instances of cracking in 3D-printed concrete structures: (a) the residential
building “Project Milestone” in Eindhoven, Netherlands, and (b) the pedestrian and bicycle
bridge in Nijmegen, Netherlands (Markin et al., 2024).

Additionally, Table 6 shows a series of samples comprising a stack of 6 printed layers
according to Zhang et al (2022). This assay can replicate if cracks occur in a wall due to
shrinkage. Different cases of curing conditions were presented to evaluate how their behavior

was in each one.

As seen, the curing conditions were 3 according to the conditions exposed to: Sun
exposed, non-covered, under the shadow, non-covered, and plastic mantle covered (inside
laboratory), and as mentioned above they were small walls of 40 cm long, and 6 filaments
stacked. In all the tests, more than 28 days were waited and none of them had a major crack
in addition to SC27 (15%) of under shadow, non-covered condition of 2 mm crack width
which can occur due to the fast drying due to its high-cement content. Also, the fiber-

reinforced mixes did not crack at all.
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Table 6. Samples of design mixtures of 27% real water in concentrations of 10% and

15% with and without fibers.

SC27 (10%) SCF27 (10%) SC27 (15%) SCF27 (15%)

Sun
exposed, non-
covered

Under
shadow, non-
covered

Plastic mantle
covered (inside
laboratory)

4.5. Stage 5: Reinforced medium-scale earthen 3D

printing

Samples of SC27 (10%) and SCF27 (10%) were chosen as the best example of best-
validated mix-design, the results can be appreciated in Figure 4.16. The one that includes
fibers has a percentage of 0.3 from solids weight for fiber content, and both mixes were printed
with the same geometry and hexagonal model in plan view. The quality of printing with fibers
is much lower than printing without fibers since the 2-inch diameter nozzle is connected to
the pump tube that exerts pressure to extrude the material and has a bar that prevents it from
being extruded uniformly since in this bar the fiber is congested. The filament quality had

many imperfections in the case of fibers due to the congestion of fibers inside the hose.
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a) b)

Figure 4.16. Printing of mix-design a) SC27 (10%) and b) SCF27 (10%).

A study of an earthen 3D-printed sample with 15 mm of height per layer shows a crack
of approximately 17 cm in length. Markers were placed 130 mm from the center to evaluate
the plastic shrinkage and cracking deformation of the 3D-printed mortar under restricted
conditions. Images captured during the restrained shrinkage tests were analyzed using a
binarization algorithm, with an adjusted threshold to enhance crack visibility. This allowed
for the measurement of crack development speed, depth, and width in the 3D-printed mortar
samples (Figure 4.16). Concerning the image processing findings, a threshold value of 50 was

chosen (Zhang & Xiao, 2021).
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Figure 4.17. Analyzing images of cracks in 3D-printed mortar using various threshold values
(Zhang & Xiao, 2021).

Cracks with similar behavior as the Zhang & Xiao study can also be seen in both
dosages in Figure 4.18. Having a better result in the short-term (3 days) printing with fibers,
as expected in the long term. However. At 28 days, it is seen that the behavior without fiber
has been better, having a crack of approximately 2 mm in width and a length of 24.5 cm.
Conversely, it was monitored that the specimen that did have fiber was cut along the height
of the specimen, which was 64.5 cm, and its width was approximately 3 mm. These results
could be affected by several factors, and the main one would be the obstruction of the pump
in the dosage with fibers. Hence, it would require other extrusion requirements for these

material composites.
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©) d)

Figure 4.18. Plan view of a) SCF27 (10%), b) SC27 (10%) and Frontal view from c¢) SCF27
(10%), d) Zoom of SC27 (10%)
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Chapter V

Conclusions

This thesis presents a wide-ranging evaluation of the fresh and hardened properties of
soil-cement mixtures, with and without jute fiber reinforcement, specifically designed for
medium-scale 3D printing applications (ranging from 0.027 to 1 m? in printed volume). The
findings underscore the substantial improvements in both printability and mechanical
performance achieved through the meticulous optimization of mix designs. In particular, the
incorporation of Ordinary Portland Cement (OPC) and precise water content control were
found to be critical factors in enhancing extrusion quality and the structural stability of printed
components. Moreover, jute reinforcement was demonstrated as well to have an impact in the

plastic shrinkage analysis.

Mixtures containing 27% water and 10% OPC exhibited superior performance,
striking an optimal balance between flowability during extrusion, optimal rheological
behavior among all tested formulations, and dimensional stability during stacking. The shear
stress analysis demonstrated consistent performance across SC27, SC28, and their fiber-
reinforced counterparts. However, the 28% water content formulation was excluded due to
excessive deformation and instability during stacking. Additionally, the 15% OPC mixture
emerged as a noteworthy alternative, as higher OPC content correlated with enhanced
compressive strength and improved hydrophobic properties, resulting in a material less
susceptible to corrosion. Nonetheless, the study prioritized minimizing OPC content to
enhance sustainability, given that the benefits of increasing OPC beyond 10% did not yield

significant performance improvements.
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The shrinkage analysis under varying environmental conditions revealed that
incorporating 0.3% jute fibers effectively mitigated shrinkage-induced cracking, particularly
in small-scale prints, while maintaining material workability. However, fiber inclusion
presented extrusion challenges depending on nozzle design, as fiber accumulation could

hinder filament deposition and disrupt the printing process.

On the other hand, specimens without fiber reinforcement exhibited visible cracking
after seven days, whereas fiber-reinforced samples demonstrated enhanced resistance to
shrinkage, maintaining structural integrity for up to twenty-eight days. While these findings
are promising, the study was conducted at a laboratory scale using reduced specimen sizes,
suggesting that material behavior in large-scale applications may differ. Further research is

necessary to validate these findings in real-world construction scenarios.

Finally, the validation tests for medium-scale 3D printing confirm that, with the
appropriate equipment and advanced reinforcement methods, it is feasible to utilize the studied
materials—water, soil, and cement—for construction applications. A more detailed analysis
of crack formation at a larger scale is required to establish a precedent for the study of mix
designs within a 3D printing environment for construction. Overall, this examination
highlights the potential of earth-cement mixtures reinforced with natural fibers for sustainable
3D printing applications, laying the groundwork for future research and broader

implementation in eco-friendly construction practices.
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