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Abstract

Currently concrete is one of the most used building materials in the world. Despite its ability to
withstand compressive loads, concrete has a low tensile strength, making it prone to cracking
when pulled apart. Therefore, reinforcement is required to withstand the tensile stresses. This
is generally achieved by applying steel rebars into the tension zone of the concrete structure.
In recent years, there has been a growing trend of incorporating fibers into concrete mixtures
to develop cement-based materials with properties resembling steel, such as Engineered Ce-
mentitious Composites (ECC).

This thesis explores innovative approaches to improve the mechanical properties of ECC
by employing 3D-printed auxetic and non-auxetic reinforcements. Auxetic materials display
a distinctive characteristic where, upon vertical stretching, they exhibit lateral expansion, and
upon vertical compression, they undergo lateral contraction. In other words, when subjected
to tensile loading, auxetic materials expand horizontally, and when subjected to compressive
loading, they contract horizontally. The main research question revolves around the possibility
of enhancing the deformation capacity of ECC through these innovative reinforcements. To
address this question, numerical simulations, experimental tests, and comprehensive analy-
ses were conducted.

The study begin with the creation of ECC samples reinforced with 3D printed polymeric
meshes, exploring different angles, volumes, and sizes of reinforcements using two distinct
3D printing materials, namely Acrylonitrile Butadiene Styrene (ABS) and Thermoplastic Poly-
urethane (TPU). The mechanical characteristics of the composite materials were assessed by
uniaxial tensile testing, and their response to stress was thoroughly examined.

The results conclusively demonstrate that the incorporation of 3D printed auxetic and non-
auxetic reinforcements significantly increases the deformation capacity of ECC. The auxetic
designs have improved deformation and flexibility, which makes them perfect for applications
that value ductility and strain capacity. In contrast, non-auxetic designs, in particular honey-
comb structures, exhibit higher stiffness and load-bearing capacities, making them appropriate
for situations that demand structural rigidity and resistance to deformation.

Moreover, the study highlights the crucial role played by the choice of 3D printing material
in influencing the strength and strain capacity of the reinforcement. ABS exhibits superior load-
bearing capacity due to its high stiffness, while TPU showcases exceptional strain capacity,
owing to its elastic and flexible properties. The investigation of many factors, including angles,
volumes, and sizes, highlights their substantial influence on the mechanical characteristics
of the ECC reinforcement. These characteristics can be changed to allow for alternatives
between stiffness, load-bearing capacity, and strain capacity, which can be used to optimize
the design of reinforcement for a variety of applications.

In conclusion, this thesis makes a contribution to the developing topic of ”designer con-
struction materials,” where the properties of cementitious composites can be tailored and op-
timized through innovative reinforcement strategies. Future constructions that are durable,
flexible, and sustainable will be made possible by the combination of 3D printing technology
with ECC. This thesis encourages researchers to go further, where imagination and creativity
meet concrete, creating a world where materials work with us to create a physical environment
that is more resilient.
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Nomenclature

Abbreviations

ABS Acrylonitrile Butadiene Styrene

AM Additive Manufacturing

AOI Area of Interest

CAD Computer-Aided Design

DIC Digital Image Correlation

ECC Engineered Cementitious Composites

FDM Fused Deposition Modeling

FEM Finite Element Modeling

FRC Fiber Reinforced Concrete

HPFRC High-Performance Fiber Reinforced Concrete

LVDT Linear Variable Displacement Transducer

OPC Ordinary Portland Cement

PE Polyethylene

PLA Polylactic Acid

RP Reference Point

SCC Self-Compacting Concrete

SHCC Strain Hardening Cementitious Composite

SP Superplasticizer

TPU Thermoplastic Polyurethane

VMA Viscosity Modifying Agent

Symbols

Δ𝐿 Change in length mm

𝜈 Poisson’s ratio -

𝜎 Stress MPa

𝜀 Strain -

𝐴 Cross-sectional area mm2
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viii Nomenclature

𝐵 Bulk modulus N/m2

𝐹 Force N

𝐺 Shear modulus N/m2

𝐿0 Original length mm

𝑢 Displacement mm
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1
Introduction

This chapter provides an overview of the research topic, focusing on the exploration of 3D
printed auxetic and non-auxetic reinforcement in ECC. The primary goal of the study is to
investigate the potential of enhancing the deformation capacity of ECC through the incorpora-
tion of innovative 3D printed polymeric reinforcement. To achieve this objective, the research
questions are formulated, addressing both the feasibility of increasing the deformation capac-
ity and specific aspects related to 3D printed polymeric reinforcement, the influence of different
printing materials, and the effects of altering parameters on the mechanical properties of the
reinforcement. The research approach and methods utilized in this study are then detailed.
Lastly, the thesis outline is presented, consisting of seven chapters, each with a specific focus.

1
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1.1. Motivation
Concrete, the most used building material in the world, bears large compressive loads, but
exhibits a low tensile strength when subjected to tension. This limitation has led to innovative
advancements, such as Engineered Cementitious Composites (ECC). ECC has emerged as
remarkable construction materials, known for their exceptional ductility and strain-hardening
behavior. These cement-based composites offer a unique combination of toughness and ten-
sile strain capacity, making them a compelling choice for various engineering applications,
particularly in the construction and infrastructure sectors. However, despite their remarkable
qualities, there is still an increasing need to further improve the mechanical properties of ECC.
The multiple cracking behaviors observed in conventional materials has sparked significant in-
terest in their potential to revolutionize construction practices.

Digitized construction is becoming increasingly popular. Although 3D printing of concrete
structures has received the most interest, 3D printing of reinforcement is becoming more pop-
ular. In contrast to conventional reinforcement, 3D printed reinforcement offers greater design
flexibility to enhance performance, such as enhancing bond strength by printing a rough sur-
face. If reinforcements were printed, they could easily be mass-produced with ideal forms,
minimum alterations and faults, thus shortening the building time, using less materials and
ultimately saving costs.

The advancement of 3D printing technology has opened doors to creating complex struc-
tures with customized reinforcement patterns. Among the various possibilities offered by 3D
printing, the incorporation of 3D printed reinforcement in concrete has gained significant at-
tention. Xu and Šavija [1] proposed an innovative approach to develop ECC using additive
manufacturing to create polymeric reinforcement meshes. ECC was developed by incorpo-
rating the polymeric meshes into conventional concrete, without the incorporation of fibers.
Their research demonstrated the feasibility of producing cementitious composites with de-
flection hardening or strain hardening properties, offering new possibilities for enhancing the
mechanical behavior of the material. Moreover, the findings showed that by incorporating
proper designs, the manufactured ECC can replicate the multiple cracking behavior observed
in conventional ECC.

Building on these findings, this thesis explores the possibility to further enhance the defor-
mation capacity of conventional ECC by introducing 3D printed polymeric reinforcements to the
samples. The investigation involved diverse reinforcing designs, utilizing two distinct 3D print-
ing materials, namely Acrylonitrile Butadiene Styrene (ABS) and Thermoplastic Polyurethane
(TPU). ABS, known for its high stiffness and strength, is expected to enhance the load-bearing
capacity of the reinforced ECC. In contrast, TPU, with its exceptional flexibility and elastomeric
properties, is anticipated to improve the deformation capacity of thematerial. This study delves
into the use of both auxetic and non-auxetic reinforcement in ECC. Specifically, auxetic ma-
terials were characterized by a negative Poisson’s ratio, resulting in lateral expansion under
tension, while non-auxetic materials displayed the conventional positive Poisson’s ratio be-
havior. By applying these innovative approaches, this research aims to unlock new horizons
in the construction industry and further enhance the mechanical performance of cementitious
materials.

1.2. Goal and research questions
This thesis aims to investigate the potential for enhancing the deformation capacity of conven-
tional ECC by incorporating 3D printed reinforcements into the cementitious matrix. Hence,
the first hypothesis of this study is as follows:

Hypothesis 1: The incorporation of 3D printed reinforcement in ECC will lead to an increase
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in deformation capacity compared to ECC.

Thus the main research question of this thesis is: ”Is it possible to increase the deformation
capacity of ECCwhen reinforced with 3D printed auxetic and non-auxetic reinforcement?” This
thesis aims to optimize the design of custom 3D printed polymeric reinforcement by thoroughly
investigating its effects on the mechanical properties of ECC. To address the primary research
question, several essential sub-questions have been formulated:

■ How do the different printing materials (ABS and TPU) influence the strength and strain
capacity of the reinforced ECC? By investigating the mechanical behavior of ECC rein-
forced with these distinct 3D printed materials, the aim is to understand how their indi-
vidual characteristics impact the load-bearing capacity and deformation capacity of the
composite material.

■ How does altering parameters such as the angle, volume and size affect the mechanical
properties of the reinforcement and composite? Different reinforcement configurations
will be explored, including auxetic and non-auxetic designs, characterized by angles
ranging from 52° to 117°. Additionally, the influence of the volume and size changes
in the reinforcement will be investigated to determine how it impacts the overall perfor-
mance of the ECC.

Based on the research questions, the following hypotheses have been formulated:

Hypothesis 2: The use of ABS as the 3D printing material for reinforcement in ECC will result
in enhanced load-bearing capacity compared to TPU as the 3D printing material, while using
TPU will result in increased deformation capacity when compared to ABS.

Hypothesis 3: Altering the angle, volume and size of 3D printed reinforcement designs will
significantly influence the mechanical properties of the ECC, with certain configurations lead-
ing to increased strain capacity and improved performance.

These hypotheses will serve as the foundation for the numerical and experimental investiga-
tions conducted in this study. By systematically testing and analyzing the different 3D printed
reinforcement designs and materials, this research aims to provide valuable insights into the
development of innovative reinforcement strategies for ECC. This work will help us to better
understand how reinforcement designs, material choices, and 3D printing processes interact
to produce optimal ECC with improved mechanical performance. Moreover, this research
aims to offer valuable contributions to the development of innovative reinforcement strategies
for ECC, unlocking new possibilities to elevate its deformation capacity and overall perfor-
mance as an advanced construction material. Overall, this research seeks to advance the
field of construction materials by investigating innovative ways for reinforcing ECC through 3D
printed auxetic and non-auxetic patterns. The ultimate objective is to fully realize the potential
of ECC, revolutionizing its application in sustainable and robust infrastructure development.

1.3. Research approach and methods
A dual approach that combines numerical simulations and experimental testing has been used
to comprehensively address these research questions. Fused deposition modeling will be em-
ployed to analyze the mechanical behavior of ECC reinforced with various 3D printed designs.
Additionally, uniaxial tension tests will be conducted on the ECC specimens to provide practi-
cal insights into the performance of the material. The investigation will focus on two commonly
used 3D printing materials to assess their influence on the strength and strain capacity of the
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ECC. Furthermore, this thesis will investigate how different angles of reinforcement designs
affect the mechanical behavior of ECC. The designs, ranging from traditional bowtie structures
to honeycomb configurations, will be analyzed for their load-displacement characteristics and
stress distributions.

1.4. Thesis outline
There are seven chapters in this thesis, including the current Introduction chapter. Chapter
2 provides a review of relevant literature and studies relating to the research topic. Rele-
vant literature and studies related to the topic will be critically reviewed to establish a strong
foundation for the research.

The third chapter focuses on the numerical study carried out as part of this research. Nu-
merical simulations were conducted to predict the fracture behavior, load-displacement re-
sponse of the 3D printed reinforcement for both printing materials and to validate the auxetic
or non-auxetic nature of the reinforcement. In this chapter the research design and methodol-
ogy will be described in detail, followed by an explanation of the finite element modeling (FEM)
approach used in the study. The simulation setup and parameters will be outlined

Chapter 4 delves into the results of the numerical study which will be presented and an-
alyzed. The chapter will provide a comprehensive interpretation and analysis of the results.
The obtained data including stress-strain curves, Poisson’s ratio, elastic modulus, and fracture
behavior are among the parameters present in the acquired data.

Chapter 5 provides a comprehensive description of the experimental setup used in the
study. The materials and samples used in the experiments will be detailed, along with the test
equipment and procedures. This chapter will also cover the sample preparation, as well as
the procedures taken.

Chapter 6 presents and discusses the experimental results obtained from the conducted
tests. Specifically, the uniaxial tension test results will be analyzed, and the load-displacement
curves and behavior of the materials will be examined. This chapter will highlight the strength
and deformation characteristics of the materials and provide a comparison of different rein-
forcement strategies.

The final chapter of the thesis presents the key findings from this study. The contributions
of this research to the field will be highlighted, and the limitations of the study will be acknowl-
edged. Additionally, recommendations for future research directions will be provided to guide
further investigations in the area.

The thesis will conclude with a list of references and appendices containing detailed nu-
merical simulation data, uniaxial tension test raw data, and supplementary figures and graphs.
The outlined structure aims to ensure a logical and cohesive presentation of the research, fa-
cilitating a comprehensive understanding of the outcomes of the study.



2
Literature Review

This chapter presents a comprehensive review of the relevant literature and studies related
to the research topic. To create a strong foundation for the research, pertinent literature and
papers will be critically analyzed.
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2.1. Introduction
Concrete, while an excellent construction material with high compressive strength, has rela-
tively low tensile strength and is susceptible to cracking and failure when subjected to tensile
forces or bending [2]. To address this limitation, concrete is often reinforced with materials like
steel bars to enhance its tensile strength and overall structural performance. This combination
of concrete and reinforcement is known as reinforced concrete.

Concrete is a brittle material and reinforcement is used to make concrete structures duc-
tile [3]. Ductility refers to the ability of a material to undergo substantial deformation before
failing. Steel, being a ductile material, can absorb energy through plastic deformation, which
helps in preventing sudden brittle failures in the concrete [4]. The combination of concrete
and reinforcement creates a material that can efficiently carry both compressive and tensile
loads, resulting in a structurally stable and durable construction. Reinforcement helps control
the width and propagation of cracks that may occur in concrete due to shrinkage, temperature
changes, or external loads. By adding reinforcement, the load-bearing capacity of the con-
crete structure can be significantly increased, allowing for the construction of larger and more
complex buildings and infrastructures.

Furthermore, advancements in construction technology have introduced innovative mate-
rials like fiber-reinforced concrete (FRC) and ECC, which offer enhanced mechanical proper-
ties and unique deformation behavior. This review delves into the characteristics, mechanical
properties of these composites. Followed by relevant literature to serve as a solid foundation
for this investigation.

2.2. Fiber-reinforced concrete
FRC is a composite material that incorporates short, discrete fibers into the concrete mix to
enhance its mechanical properties and overall performance. The fibers used in FRC can be
made from various materials, such as steel, glass, synthetic polymers, or natural fibers [5].
Each type of fiber offers specific advantages and is chosen based on the intended application
and performance requirements. The addition of fibers in FRC significantly improves the duc-
tility of the concrete, enabling it to absorb energy through mechanisms like fiber bridging and
crack deflection [6]. The fibers act as reinforcement when cracks form under external loads,
limiting their propagation and preventing sudden failures, thereby enhancing crack control
and ensuring the durability and longevity of concrete structures. Moreover, FRC mitigates the
risk of spalling during fire exposure by creating pathways for steam escape, reducing internal
pressure buildup [7]. This is only the case when FRC is reinforced with polypropylene fibers.

Fiber-reinforced concrete finds applications in a wide range of civil engineering projects, in-
cluding pavements, bridge decks, tunnel linings, shotcrete applications, and precast elements
[5]. Its ability to provide improved flexural strength and resistance to cracking makes it suitable
for structures subjected to dynamic and seismic loads. Researchers and engineers continue
to explore novel fiber materials and optimized mix designs to further enhance the performance
of fiber-reinforced concrete and expand its use in various construction scenarios. FRC can be
divided into three categories. Low fiber volume fractions (≤1%) used to to minimize shrinkage
cracking [5], moderate fiber volume fractions (between 1% and 2%) offering enhanced me-
chanical properties like fracture toughness and impact resistance, and high-performance FRC
(HPFRC) with high fiber contents (> 2%) demonstrating visible strain-hardening behavior [8].
Additionally, a brand-new variety of fiber-reinforced cementitious composite, known as ECC,
has recently emerged, paving the way for further advancements in the field of FRC.
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2.2.1. Engineered cementitious composites
The brittleness of concrete places restrictions on both resilience and durability of concrete
structures, even on those that include steel reinforcement. To address this issue, ECC, also
known as strain hardening cementitious composite (SHCC), was created [9]. ECC is the first
cement-based material to produce tensile ductility at comparatively low fiber levels of 1 to 2%
by volume and was also created to reduce the amount of reinforcement needed [10]. ECC
is a fairly new material recognized for its ability to manage cracks and its ductile behavior,
which indicates strain hardening behavior followed by multiple crack formation. Due to their
magnificent mechanical properties, ECC is now one of the essential materials to fix damaged
structures. In Fig. 2.1, a comparison of a flexural test between conventional concrete and ECC
is depicted, showing the differences when trying to bend the concrete.

(a) Conventional concrete (b) ECC

Figure 2.1: Difference between how (a) conventional concrete and (b) ECC reacts to being
put under severe stress, adapted from [11].

ECC is a cementitious material that mostly consists of Ordinary Portland cement (OPC) with
supplements and does not include coarse aggregates. Due to the lack of these aggregates, it
has a greater binder concentration. ECC is typically composed of OPC, fine sand, water, fibers
and chemical admixtures such as superplasticizers which are incorporated into the concrete
mix to ensure both optimal workability and strength. These additives effectively enhance the
flowability of the concrete without compromising its overall strength. By using superplasticiz-
ers, the concrete achieves the desired level of fluidity required for easy flow during placement
while retaining its structural integrity and strength properties. The fibers used are usually short
and thin, and they are evenly dispersed throughout the matrix.

The moderate fiber content of ECC enables its flexible application in both on-site construc-
tion and off-site precast elements [12]. Additionally, specialized versions of ECC with self-
compacting behavior have been developed to enhance its usability and performance. This
research utilized a self-compacting ECC, a material for which only a few development reports
are available [13]. Self-compacting concrete (SCC) is an innovative concrete that can be
placed and compacted without the need for vibration. It exhibits the ability to flow under its
own weight, effectively filling formwork and achieving complete compaction, even in the pres-
ence of densely arranged reinforcement. The resulting hardened concrete is dense, uniform,
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and possesses engineering properties and durability similar to traditional vibrated concrete.
To produce SCC, the addition of a viscosity agent is necessary to attain the required level

of viscosity in the matrix. SCC offers numerous advantages, including enhanced flowabil-
ity, workability, pumpability, and bond performance. Therefore, this study applied a self-
compacting ECC [14].

2.2.2. Types of fibers
Incorporating fibers into concrete is a well-established method to enhance its tensile response,
which is typically weak in conventional concrete. The primary functions of the reinforcing fibers
in concrete are to avoid crack localization, enhance fracture toughness and minimize the crack
width [10]. ECC commonly utilizes polymer fibers, which offer remarkable tensile and flexu-
ral properties. Among the various options, Polyvinyl alcohol (PVA) and Polyethylene (PE)
fibers are frequently chosen as the preferred reinforcement materials for ECC. PVA fibers are
well-known for their high tensile strength and excellent bonding properties with cementitious
matrices. They enhance the toughness and ductility of ECC, making it more resistant to crack-
ing and improving its overall performance [10]. PE fibers are widely used in ECC due to their
low density, high strength, and excellent resistance to chemical attack. These fibers effectively
disperse and bridge cracks, improving the durability and flexural behavior of ECC [5]. How-
ever, the comparatively expensive cost of PE fibers prevents broad application of PE-ECC
[12].

2.3. Mechanical properties
When concrete is subjected to external forces, it undergoes stress, which may cause defor-
mation and potentially lead to failure if the stress exceeds the strength of the material. Tensile
tests are commonly used to apply external forces to concrete samples. When concrete is
subjected to a uniaxial load, the stress can be calculated using the formula:

𝜎 = 𝐹
𝐴 (2.1)

where:
𝜎 is the stress in the concrete, measured in force per unit area (usually in MPa),
𝐹 is the applied force on the concrete, measured in force units (such as N), and
𝐴 is the cross-sectional area of the concrete specimen experiencing the force, measured in
area units (such as mm2).

On the other hand, strain refers to the measure of deformation or elongation experienced
by the material due to the applied stress. Strain is a dimensionless quantity that describes
the relative change in length or shape of the concrete specimen under stress. It is a crucial
parameter in concrete mechanics as it helps engineers understand how the material responds
to external forces and how it deforms under various loading conditions. Strain is also essential
in determining the behavior of a material, such as whether it will exhibit elastic deformation or
undergo permanent plastic deformation or failure. The formula to calculate strain in concrete
when subjected to a uniaxial load is given by:

𝜀 = Δ𝐿
𝐿0

(2.2)

where:
𝜀 represents the strain in the concrete, a dimensionless quantity that represents the change
in length or shape of the specimen,
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Δ𝐿 is the change in length of the concrete specimen under the applied stress, and
𝐿0 is the original length of the concrete specimen before the application of stress.

The volume and shape of a solid can be somewhat altered when a material is subject to exter-
nal stress. There are two categories of material deformation: elastic deformation and plastic
deformation [15]. When a solid is subjected to a relatively low stress, the deformation is elas-
tic, meaning that if the stress is removed, the solid will revert to its initial equilibrium state.
However, in the case of plastic deformation, removing the external stress does not ensure
complete recovery of the solid to its initial state [16]. Elastic deformation and plastic defor-
mation differ primarily in their reversibility, where elastic deformation can be reversed, while
plastic deformation is irreversible. The left image displayed in Fig. 2.2 illustrates both elastic
and plastic deformation. A material is characterized as brittle when it undergoes minimal strain
before failure, as observed in substances like glass. In contrast, a material is considered duc-
tile when it experiences significant strains before failure, as observed in plastics and metals.
The right image in Fig. 2.2 serves as an illustration of this.

Figure 2.2: Stress-strain curves: (left), typical stress-strain curve, exhibiting both elastic and
plastic regions, along with hysteresis (dashed line), and (right) stress-strain curves for

various materials are depicted, adapted from [16].

The Young’s modulus or elastic modulus represents the ability of a material to resist elastic
deformation. Materials with low modulus exhibit significant flexibility and elongation when sub-
jected to tension (or compression). However, high modulus materials display minimal elon-
gation under tension (or compression) and have limited compressibility [17]. The Young’s
modulus, denoted by 𝐸, is determined using Eq. (2.3), and its unit of measurement is force
per unit area, typically expressed in MPa.

𝐸 = 𝜎
𝜀 (2.3)

2.3.1. Fracture
The ability of a material to resist crack propagation and failure in the presence of cracks or
faults is characterized by fracture toughness [18]. It measures how resistant a material is
to catastrophic breakdown under applied pressures and is an important factor to take into
account when constructing secure and dependable constructions. The area under the stress-
strain curve, which represents the inelastic strain capacity before failure, is frequently used to
calculate the toughness.

Higher fracture toughness values signify that a material has better crack resistance and is
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more resistant to brittle fracture [18]. Such materials are highly desirable for structural appli-
cations where safety is of utmost importance, as they can withstand the presence of defects
or flaws without leading to catastrophic failure. In situations like earthquakes, materials with
high fracture toughness are preferred because they exhibit greater ductility. The presence of
cracks allows these materials to dissipate energy effectively, enhancing their ability to with-
stand incidental loads and external impacts.

When bonds between atoms in a material are broken, energy is released, leading to crack
formation and energy dissipation [18]. The total work conducted during the deformation of
a material can be determined by calculating the area under the force-displacement curve,
providing valuable insights into the response of the material to external forces.

In conclusion, the performance of a material in different engineering applications is largely
dependent on its fracture toughness. It affects how well the material can absorb energy, sus-
tain applied stresses, and prevent cracks from spreading. To ensure structural integrity and
dependability, it is crucial to design materials with high fracture toughness, especially in situ-
ations with dynamic loads or potential faults.

2.4. Poisson’s ratio
Another material property is the Poisson’s ratio, 𝜈, which is defined as the negative ratio of
transverse strain to axial strain, as presented in Eq. 2.4. The numerical research conducted in
this project focuses on understanding the Poisson’s ratio of materials, which is a fundamental
property associated with their mechanical behavior. Poisson’s ratio is a metric used to com-
pare the performance of different materials when subjected to elastic deformation, specifically
measuring their resistance to distortion under mechanical load while maintaining volume [19].
It quantifies the Poisson effect, which refers to the deformation (expansion or contraction) of
a material in directions perpendicular to the specific direction of loading [20].

𝜈 = −𝜀trans𝜀axial
(2.4)

Materials possessing various Poisson’s ratios display unique mechanical behaviors. This
range of properties spans from ”rubbery” to ”dilatational,” encompassing materials such as
”stiff” metals and minerals, ”compliant” polymers, and ”spongy” foams occupying the interme-
diate range (Fig. 2.3). From an engineering standpoint, understanding how a material will
deform is crucial for optimizing performance in applications with low tolerances. Moreover,
Poisson’s ratio provides insights into other material properties, such as the relationship be-
tween the Bulk Modulus and Shear Modulus. Higher Poisson’s ratios are often associated
with materials exhibiting a high Bulk modulus [20], which is the measure of resistance of how
resistant a material is under compression [21]. The resistance of a material to shear deforma-
tion is measured by its shear modulus. Eq. 2.5 defines the relationship of the shear modulus
𝐺, bulk modulus 𝐵, and Poisson’s ratio 𝜈 in isotropic materials

𝐺 = 3𝐵(1 − 2𝜈)
2(1 + 𝜈) (2.5)

It is important to note that the diagram (Fig. 2.3) illustrating the relationship between Poisson’s
ratio and material behavior stops at the maximum isotropic limit of 𝜈 = 0.5. The allowable
range for Poisson’s ratio is between 0.5 and -1, encompassing all stable isotropic materials,
those whose properties remain unchanged regardless of the direction in which they are tested
[22]. This restriction arises from the requirement for Young’s modulus, shear modulus, and
bulk modulus to have positive values in stable, isotropic, linear elastic materials [20].
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Figure 2.3: Milton map of bulk modulus (𝐵, y-axis) versus shear modulus (𝐺, x-axis),
showing the regimes of 𝜈, and the differences in material characteristics, adapted from [20].

While most materials have positive Poisson’s ratios, some exhibit negative values, making
them ”auxetic” [23]. This implies that when a material is stretched or compressed vertically it
will expand or contract horizontally, respectively [24]. This is a consequence of their unique
internal structure and how it deforms under uniaxial loading. This counter-intuitive behavior
has attracted significant attention due to its potential for various applications, including impact
absorption, mechanical damping, and protective systems [25]. Auxetic materials are charac-
terized by a value of 𝐵/𝐺 « 1, indicating extreme compressibility, unlike rubber, which has
an extremely incompressible behavior with 𝐵/𝐺 » 1 and 𝜈 = 0.5, as seen in Fig. 2.3. The
toughness of a material can be increased by a negative Poisson’s ratio [20].

Currently, there are several types of auxetic materials available, such as perforated plate
structures [26], rotating polygon structures [27], concave structures [28], and chiral structures
[29], among others. One of the prominent examples of auxetic materials is the re-entrant struc-
ture, which includes models like the re-entrant honeycomb model [30], double arrow model
[31], and star model [32]. Among these auxetic structures, the re-entrant structure garners
significant attention due to its desirable auxetic performance and ease of manufacturing [33].

(a) Re-entrant honeycomb with 𝜈 ≈ -1 (b) Conventional honeycomb structure with 𝜈 = 1

Figure 2.4: Comparison between (a) re-entrant honeycomb and (b) honeycomb structure,
adapted from [19].
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2.4.1. Auxetic material: re-entrant structure
The concept of auxeticity was initially reported in re-entrant foams [34]. Re-entrant structures
are essentially honeycombs with inverted cells. Honeycombs are structured cellular materials
characterized by prismatic cells. These honeycomb cells can exhibit diverse cross-sectional
shapes, such as hexagonal, kagome, square, triangular, and mixed triangular and square
configurations [35]. Fig. 2.4 illustrates a comparison between a re-entrant honeycomb design
and a conventional honeycomb design.

Research revealed that auxeticity is a common feature observed in various honeycomb
structures and networks, where 𝜈 can take both positive and negative values, depending on
the angle [19, 36, 37]. When the re-entrant cell is stretched, it initially exhibits the auxetic
property with a negative Poisson’s ratio. However, as the deformation progresses, the cell
behavior transitions to that of a conventional hexagonal cell with a positive Poisson’s ratio.
This shift indicates a change in Poisson’s ratio from negative to positive during the tensile
process. The transition can be identified by a critical point, termed as the transitional point,
where the initially inclined cell walls become horizontal [28, 38]. This leads to two distinct
regions: one with auxetic features (negative Poisson’s ratio) and the other with conventional
behavior (positive Poisson’s ratio).

Auxetic materials possess remarkable qualities such as high transverse shear modulus,
excellent dynamic characteristics, good fracture toughness, and high indentation resistance.
However, the limitation of auxetics lies in their lack of rigidity, which restricts their practical
application in structural contexts [39]. As a result, auxetics cannot be employed in civil engi-
neering applications that require a high stiffness.

According to a study conducted by Zhang et al. [28], it was demonstrated that the re-entrant
structure, when subjected to increasing displacement, gradually transformed into a rectangu-
lar shape and eventually approached the characteristics of conventional honeycombs. The
initial inclined cell walls in the re-entrant structure undergo a rotation towards a horizontal ori-
entation, and the vertical walls subsequently expand laterally. This unique behavior results
in a significant auxetic property of the re-entrant cell. However, as the rotation of the inclined
cell walls continues progressively, they eventually become horizontal. At this point, the re-
entrant cell transitions into a conventional hexagonal honeycomb, and the auxetic property
disappears.

2.4.2. Non-auxetic material: rectangular and honeycomb structure
In contrast, non-auxetic materials behave in the conventional way and contract laterally when
stretched longitudinally, displaying a positive Poisson’s ratio. This typical response to stress
is governed by the elastic properties of the material, which tend to resist deformation and
maintain structural integrity. Non-auxetic materials are commonly found in various engineering
applications, such as in conventional concrete, metals, and polymers, where their predictable
and stable mechanical behavior makes them suitable for many practical purposes [40].

A rectangular and honeycomb structure are some examples of non-auxetic designs. The
stiffness of honeycomb structures surpasses that of rectangular configurations [41]. In Fig. 2.5,
a comparison between the honeycomb design and the re-entrant design is presented. The
honeycomb design exhibits lateral contraction when subjected to stretching, whereas the re-
entrant design displays lateral expansion during the same loading conditions.

2.5. Additive manufactoring
Additive manufacturing (AM), previously known as Rapid Prototyping and commonly called
3D Printing, creates objects from 3D model data by joining materials layer-by-layer [43]. AM
is highly relevant to this study as it is the core technique used to fabricate the 3D printed



2.5. Additive manufactoring 13

Figure 2.5: Comparison of the honeycomb (non-auxetic) and re-entrant (auxetic) design,
adapted from [42].

polymeric meshes. The fundamental concept of this technology is that a 3D CAD (Computer-
Aided Design) model can be directly manufactured without the need for process planning.
All currently available commercial AM machines employ a layer-based method, with the main
differences being the materials that can be used, how the layers are made, and how the layers
are connected to one another. These variations will affect things like the precision of the final
product, material qualities, and mechanical properties.

The advantages of AM include a faster product development process due to the seamless
transfer from 3D CAD to AM, reduction in process steps and resources required, and the
ability to make simple design changes without significantly increasing the time required for
fabrication [44]. AM also simplifies the manufacturing process by eliminating the need for
multiple construction methods and enabling the creation of parts with different characteristics
through the addition of supporting technologies. As a result, AM can lead to cleaner, more
streamlined, and versatile workshops.

AM has gained significant attention in recent years due to its potential to revolutionize
various industries. However, it is essential to consider the limitations associated with this
technology to ensure its successful implementation. One notable limitation of AM is the size
constraints imposed by the available build volume of the machines. The maximum size of
objects that can be produced may be restricted, hindering the fabrication of larger-scale com-
ponents. Moreover, certain materials may not be compatible with AM processes, limiting the
range of available materials for fabrication. Challenges could arise from materials with high
melting points or particular qualities that are hard to obtain using AM [44].

Surface quality and resolution are important considerations in AM. The layer-by-layer de-
position can result in surface roughness and lower resolution compared to traditional manufac-
turing methods, which may affect both aesthetics and functional properties of the final product
[45]. Post-processing steps such as polishing, support removal, or heat treatment are often
necessary to achieve the desired quality and properties, increasing production time and cost.
Cost considerations also play a crucial role in AM adoption. The technology can be expensive,
including equipment, materials, and maintenance costs. To guarantee the financial feasibility
of AM deployment, these elements need to be carefully assessed.

Design limitations are another aspect to be aware of. Complex geometries or intricate
designs may be challenging to achieve using AM methods. Additional support structures or
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design modifications may be required to ensure successful fabrication [44]. In conclusion,
while AM holds immense promise, it is crucial to understand its limitations for effective utiliza-
tion. By addressing these limitations through ongoing research and development efforts, AM
can further advance and find wider applications in various industries.

2.5.1. AM process
To transform a virtual CAD model into a physical part, several processes are required in AM
[44]. The first step involves creating a 3D model using professional CAD solid modeling soft-
ware, followed by converting the model to an STL file. These files store as repositories for
important geometric data relating to the shape and surface geometry of an object. It is cru-
cial to understand that these files do not contain information on the color, texture, or other
model-related visual properties. The STL file is then transferred to the AM machine and the
machine is set up for the build process. The build process itself is largely automated and
can run unattended, with the machine monitored for potential errors such as running out of
supplies, power failures, or software issues. Once the machine has completed the build, the
components can be removed and may require additional cleaning before being put to use.
Ultimately, the resulting parts are ready for use.

2.5.2. Fused deposition modeling
Fused deposition modeling (FDM) is a widely used additive manufacturing technology that
enables layer-by-layer construction of 3D objects using a thermoplastic filament. It is melted
and then extruded through a nozzle that moves along the x, y, and z-axes to construct the
desired shape [46]. A schematic representation of the additive manufacturing technique is
illustrated in Fig. 2.7. FDM has gained popularity in prototyping and small-scale production
due to its low cost, rapid speed and ease of use. Recently, the construction industry has also
embraced this technology [46]. However, the mechanical properties of printed objects are
affected by several processing variables, such as layer thickness, width, filament orientation,
and air gap [47]. Inter-layer distortion has been identified as the primary cause of mechanical
weakness in FDM-printed objects [48].

Figure 2.6: Factors affecting mechanical properties, adapted from [49].
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In a recent experimental investigation conducted by Srinivasan et al. [50], the mechanical
properties of FDM printed parts using ABS material were examined. The study focused on
varying three crucial process parameters: infill density, infill pattern, and layer thickness. Ten-
sile strength and hardness were used as response parameters to evaluate the performance of
the printed parts. The findings indicate that infill density and layer thickness are the most influ-
ential factors affecting the mechanical properties of the printed parts. An overview of factors
that influence the mechanical performances of 3D printed specimen are presented in Fig. 2.6.

In addition to the listed challenges, FDM has some limitations that should be considered.
Firstly, due to the round nozzle used in the extrusion process, FDM-printed objects may not
have sharp corners and precise geometrical features. This can limit the ability to achieve in-
tricate designs and detailed structures. Secondly, the inherent layer-by-layer construction of
FDM can result in anisotropic mechanical properties, making the printed objects weaker in the
z direction compared to the x and y directions. This anisotropy can affect the overall strength
and performance of the printed parts. Furthermore, FDM-printed objects typically have lower
material density compared to their counterparts manufactured using traditional methods. The
layer-by-layer nature of FDM introduces voids and gaps between the printed filaments, re-
ducing the overall density and potentially impacting the mechanical integrity of the objects.
Additionally, FDM-printed objects may exhibit a visible layering appearance on the surface,
which can affect the aesthetics and smoothness of the final product. Lastly, the availability
of thermoplastic materials for FDM may be limited compared to other additive manufactur-
ing technologies. While a variety of thermoplastics are compatible with FDM, the range of
materials may not be as extensive as in other processes, limiting the options for specific ap-
plications and material properties [44]. Despite these limitations, FDM remains a popular and
cost-effective option for prototyping and small-scale production. Ongoing research and ad-
vancements in FDM technology are focused on addressing these limitations and improving
the mechanical capabilities, surface quality, and material options for FDM-printed objects.

Figure 2.7: Schematic representation of the additive manufacturing technique: Fused
deposition modeling, adapted from [51].
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2.5.3. Build orientation
The orientation in which a printed part is positioned on the build plate is referred to as build
orientation. The mechanical properties of additively manufactured parts are significantly influ-
enced by the build orientation. The choice of orientation can impact factors such as strength,
stiffness, and deformation behavior, making it an essential consideration in the additive man-
ufacturing process. Selecting the optimal build orientation is crucial to ensure that the printed
parts meet the desired mechanical requirements and performance criteria. Three distinct build
orientations are available for use, namely upright, on-edge, and flat, as depicted in Fig. 2.8.
Based on the findings presented in [52], it is evident that the flat and on-edge orientations
exhibit superior tensile strength and deformability compared to the prints in the upright orien-
tation. Considering the ease of the flat position, it was chosen as the preferred orientation for
the prints in this study.

Figure 2.8: Different build orientations, adapted from [52].

2.6. Material filament
Metals, polymers, ceramics, and concrete are just a few of the many materials that can cur-
rently be used in 3D printing. The two primary polymers utilized in the 3D printing of compos-
ites are polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) [46]. The polymeric
reinforcements used for the experiments are made from commercial plastics, which matches
nicely with concrete. The materials ABS and thermoplastic polyurethane (TPU) were used as
filament for the 3D printed reinforcement in this study. This master thesis aims to explore the
mechanical behavior and potential applications of ABS and TPU in enhancing the deformation
capacity of ECC, contributing to the development of innovative and sustainable construction
materials.

2.6.1. ABS
ABS is a thermoplastic polymer that is commonly used in various industries due to its high
strength, flexibility, and machinability. The material was first developed in the 1940s and has
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since become one of the most widely used engineering thermoplastics [53]. ABS is a copoly-
mer that is composed of three monomers: acrylonitrile, butadiene, and styrene. The percent-
age of each monomer in the copolymer can vary, depending on the desired properties of the
final product. In general, ABS contains 20-30% acrylonitrile, 5-30% butadiene, and 40-60%
styrene.

ABS is known for its excellent mechanical properties, including high tensile strength, im-
pact resistance, and toughness [53]. The tensile strength of ABS ranges from 40-70 MPa,
depending on the composition of the copolymer. ABS also has good elongation at break, with
values ranging from 20-50%. ABS has a relatively low melting point of around 230°C, which
makes it easy to process using various manufacturing techniques, including injection molding
and extrusion. ABS also has some limitations, including its fume emission during processing
and its relatively low resistance to UV radiation.

2.6.2. TPU
During the 1950s, the material TPU was developed, bridging the gap between plastic and
rubber. TPUs exhibit mechanical performance characteristics similar to rubber but possess
the advantage of being processable as thermoplastics [54]. They are known for their excellent
flexibility, high elongation and damage resistance [55]. To ensure that the TPU filament has
melted and can go through the nozzle smoothly, the extruding temperature must be higher
than the melting point of TPU, which is around 220°C. If the extruding temperature is not high
enough, the TPU may be highly viscous, which makes it challenging to extrude filament [56].

2.7. Digital image correlation
Recently, several emerging experimental techniques have significantly advanced the precision
and accuracy in understanding the mechanical behavior of materials. Among these, digital im-
age correlation (DIC) has emerged as a powerful tool for estimating the mechanical behavior
of materials [57]. In this study, DIC was employed to analyze the samples subjected to ten-
sile testing, enabling the collection of crucial information on displacement, crack widths, and
strain. The utilization of DIC in this research has provided valuable insights into the mechani-
cal performance of the samples, enhancing our understanding of their behavior under applied
tensile forces. The theoretical principles and steps involved in the DIC method are reviewed
to get a better understanding.

DIC is an optical technique that enables the measurement of 2D or 3D coordinates for
assessing deformation, including displacements and strain, without the need for physical con-
tact [58]. The measurement of these parameters is crucial in engineering and construction
projects. DIC has been widely applied in the analysis of concrete reinforced parts and com-
posites. The evolution of DIC techniques and algorithms has led to significant improvements
in the efficiency and precision of measurements. As a result, DIC is becoming increasingly
popular for evaluating the mechanical behavior of materials and structures.

The Digital Image Correlation method operates by comparing a sequence of digital images
of a surface of a test object , taken before, during, and after deformation, to a reference image
[59]. This method calculates surface displacement by monitoring pixel blocks, generating 2D
and 3D deformation vector fields, and producing full-field strain maps. To operate effectively,
DIC requires special and random pixel blocks with varying intensity and contrast rates. How-
ever, no specialized lighting is necessary, and in most cases, the natural surface texture of
the structure is sufficient for DIC to operate without any additional surface preparation [60].

To apply the 2D DIC method, four steps need to be followed. Firstly, the surface of the
sample is covered with a stochastic white and black pattern to measure the in-plane deforma-
tion. Next, an area of interest (AOI) is selected, which is a sub-image of the sample surface
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used for a specific function, such as strain measurement. Image acquisition of the AOI is done
before, during, and after the sample is loaded, and the obtained images are processed us-
ing computer software. DIC compares a specific pixel or point within the same AOI between
two images before and after deformation, based on which DIC theory is explained in the next
paragraph. The selection of AOI is crucial in the DIC method as DIC only provides data within
the AOI.

2.7.1. Theory
The surface of interest is manually specified and divided into a virtual grid with equal spacing,
as depicted in Fig. 2.9(a). This grid is used to make DIC analysis simpler. DIC enables the
determination of full-field deformations by calculating displacements at each point within the
virtual grids [61]. In Fig. 2.9(b), the red square represents a subset of pixels that monitors
the movement of its center point P(x, y) from the reference image to the deformed images
represented by the center point P’(x’, y’). The reference image is acquired when the load is
zero, corresponding to the initial state before deformation.
The following equations can be used to describe the deformation between the two points P
and P’:

𝑥’ = 𝑥 + 𝑢(𝑥, 𝑦) (2.6)

𝑦’ = 𝑦 + 𝑣(𝑥, 𝑦) (2.7)

where the displacements in the x and y directions, respectively, are denoted by u and v.

Figure 2.9: Digital image correlation (a) Subset and area of interest in a reference image; (b)
Graphic demonstration of correlation between reference image and deformed image,

adapted from [61].

2.8. Summary Literature Review
In conclusion, the literature study has provided valuable insights into the use of 3D printed
reinforcements in enhancing the mechanical properties of ECC. The investigation into differ-
ent materials, reinforcement designs, and printing techniques has revealed the potential for
significant improvements of strength, strain capacity, and energy absorption capabilities of
ECC. The findings from various studies have highlighted the importance of carefully selecting
appropriate materials and reinforcement configurations to achieve specific performance ob-
jectives in ECC. In this study field, 3D printing has emerged as a key technology that makes it
possible to fabricate complex, personalized reinforcement patterns with improved mechanical
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properties. The literature study has paved the way for the numerical and experimental study,
where the performance of ECC reinforced with 3D printed polymeric meshes, using ABS and
TPU, will be assessed through uniaxial tensile tests. This study intends to develop building
materials and creative methods in structural design and construction by thoroughly examining
the body of existing literature and conducting an experimental examination.





3
Numerical Study: Method and Setup

Numerical simulations were conducted to predict the fracture behavior and load-displacement
response of the 3D printed reinforcement for both printing materials. This chapter provides a
comprehensive description of the step-by-step process used to create the numerical models.
The investigation was divided into three distinct phases, where modifications were made to
examine the effects. The cracking pattern of the reinforcement was analyzed during tensile
testing simulations, and the numerical study also served to validate the auxetic or non-auxetic
nature of the reinforcement.

21
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3.1. Geometric modeling
In this study, the re-entrant honeycomb design was used as shown in Fig. 3.1, characterized by
three parameters: thickness t, angle α, and length l. The re-entrant angle is the angle between
the two adjacent walls of the unit cell. The thickness of the unit cell was kept constant along
the walls. The study was divided into three phases. In the first phase, the re-entrant angle was
modified while keeping the thickness and length constant. In the second phase, the volumes
of the designs were equalized, resulting in changes in both the thickness and length. Finally, in
the third phase, the design was enlarged to allow for easy embedment of the fiber-reinforced
mortar into the unit cell.

Figure 3.1: Auxetic unit cell: re-entrant honeycomb structure.

The research focused on investigating four angles: 52°, 63°, 90°, and 117°, and their classifi-
cation as either auxetic or non-auxetic designs. The angles of 52° and 63° were identified as
auxetic designs, while the angles of 90° and 117° were categorized as non-auxetic designs.
The designs characterized by angles of 52° and 63° are commonly known as bowtie designs,
whereas the design featuring an angle of 117° is referred to as a conventional honeycomb de-
sign. Additionally, the design with a 90° angle is denoted as a rectangular design. Throughout
the study, the four angles were labeled A, B, C, and D, corresponding to 63°, 52°, 90°, and
117°, respectively (Fig. 3.2).

Figure 3.2: Auxetic and non-auxetic designs with labels.

The various reinforcement designs were designed and created using AutoCAD software. After
the designs were created, they were sliced into their desired length for analysis. A cross-
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sectional view of the 3D designs was created since the simulations were performed in a two-
dimensional plane. These cross sections were exported to Abaqus for further analysis.

3.1.1. Phase 1
In this phase, the length of the unit cell and the thickness were kept constant, while the angle
was the only parameter altered. To ensure that the designs had a comparable overall length,
each unit cell was replicated four times along the x-axis and a varying number of times along
the y-axis, with design A replicated seven times, design B replicated eight times, design C
replicated six times, and design D replicated five times, as shown in Fig. 3.3. This Figure
displays the models that were used in both the numerical and experimental studies. The
dimensions of the unit cells for the different angles are illustrated in Fig. 3.4, and a summary
of these dimensions is listed in Table 3.1.

Figure 3.3: Reinforcing designs phase 1 with measurements presented in mm.

Figure 3.4: Unit cells of the different designs phase 1 with measurements presented in mm.
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Design A Design B Design C Design D
Angle [°] 63 52 90 117

Thickness [mm] 1.08 1.08 1.08 1.08
Length unit cell [mm] 7.2525 7.2525 7.2525 7.2525

Width [mm] 37.08 37.08 37.08 37.08
Total length [mm] 94.5 95.7776 99.99 101.6999
Volume [mm3] 5683.98 7008.56 4517.61 3924.54

Table 3.1: Dimensions reinforcement phase 1.

3.1.2. Phase 2
In phase 1 of the study, an increase in the angle resulted in a decrease in volume for the
designs, as indicated in Table 3.1. To address this volume change, the reinforcing volume of
the various designs was made equal during this phase. As a result, the width decreased, and
the thickness increased. Design B was excluded from this phase, as the fibers were unable
to pass through the reinforcement during the experimental study of phase 1. The models that
were utilized in both the numerical and experimental studies are presented in Fig. 3.5. In the
provided Figure, it is evident that the total length remained consistent with the initial phase,
and the cells also underwent replication along the y-axis across the various designs. The
dimensions of the unit cells for the different angles can be found in Fig. 3.6, and a summary
of these dimensions is listed in Table 3.2.

Figure 3.5: Reinforcing designs phase 2 with measurements presented in mm.
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Figure 3.6: Unit cells of the different designs phase 2 with measurements presented in mm.

Design A Design Cadj Design Dadj
Angle [°] 63 90 117

Thickness [mm] 1.08 1.38 1.60
Length unit cell [mm] 7.2525 6.9525 6.9311

Width [mm] 37.08 37.38 37.60
Total length [mm] 94.5 99.99 101.7
Volume [mm3] 5683.98 5685.57 5682.26

Table 3.2: Dimensions reinforcement phase 2.

3.1.3. Phase 3
During the casting, it is supposed that fiber in the fiber-reinforced mortar may have difficulties.
Thus in this phase, the design was enlarged for design C, so that the fibers could go through
more easily. Each unit cell was replicated two times along the x-axis and three times along the
y-axis, as shown in Fig. 3.8. The model used in both the numerical and experimental studies
is depicted in the Figure. The dimensions of the unit cells corresponding to different angles
are illustrated in Fig. 3.7, and a summary of these dimensions is provided in Table 3.3.

Design Cmod
Angle [°] 90

Thickness [mm] 2.45
Length unit cell [mm] 15.55

Width [mm] 38.45
Total length [mm] 108
Volume [mm3] 5683.3875

Table 3.3: Dimensions reinforcement phase 3.
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Figure 3.7: Unit cell design phase 3 with measurements presented in mm.

Figure 3.8: Reinforcing designs phase 3 with measurements presented in mm.

3.2. Finite element modeling
This study utilized the software Abaqus/Explicit, a finite element system consisting of multiple
programs [62] of which Abaqus/CAE was used to develop and modify finite element models,
run analyses, monitor and diagnose jobs, and evaluate results. The software provides an array
of tools such as geometry design, material property assignment, mesh generation, boundary
condition application, and load creation. Simulation results can be monitored and visualized
using the outputs obtained from the simulations.

Abaqus/CAE was used for the creation and analysis of models, using different modules
provided by the software. The software has 11 modules and these are: Part, Property, As-
sembly, Step, Interaction, Load, Mesh, Optimization, Job, Visualization and Sketch. First, the
model was constructed by creating parts using the Part module, with the Property module
utilized to define material properties and assign sections to the parts. Next, instances of the
parts were assembled together in the Assembly module to create the final assembly. In the
Step module, analysis steps were defined, and the history output requests were created. The
Interaction module was utilized to simulate contact interactions between the different parts.
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Then loads and boundary conditions were applied using the Load module, and meshes were
generated in the Mesh module. The Job module was used to create jobs and run the sim-
ulations. The Optimization and Sketch modules were not utilized in this study. Finally, the
Visualization module was used to obtain load-displacement results, calculate the Poisson’s
ratio for each design, and to generate illustrations of the deformed shapes of the models. A
summary of these steps is presented in Fig. 3.9.

3.2.1. Parts
To begin the numerical simulations, the reinforcing designs were imported as parts into the
software. To replicate the experimental setup, two plates were created in the simulations. It
was necessary to define the modeling space when creating a part. For this particular study, a
two-dimensional planar modeling approach was used.

Two 2D planar discrete rigid rectangular plates measuring 100 by 5 mm were created, with
a reference point (RP) at the bottom-middle of each plate. A discrete rigid part can have any
arbitrary shape and is assumed to remain rigid even when subjected to any kind of load [63].
The various reinforcing designs that were created in AutoCAD were exported to a SAT file and
subsequently imported as parts into Abaqus using the ”Standard/Explicit” model type. After-
wards, a solid homogeneous section was created, and the reinforcing design was assigned a
section assignment.

3.2.2. Material properties
The simulations used the materials ABS and TPU of which the density, elastic, and plas-
tic properties were registered. The parameters utilized for ABS were a density of 1.07E-09
ton/mm3, a Young’s modulus of 1590 MPa, and a Poisson’s ratio of 0.2. Meanwhile, the pa-
rameters for TPU were a density of 1.07E-09 ton/mm3, a Young’s modulus of 60 MPa, and a
Poisson’s ratio of 0.2. Details on the plastic behavior of both materials are presented in Tables
3.4 and 3.5. In order to get the input parameters for the plastic behavior, experimental tests
were performed on small ABS and TPU bars. The procedure for conducting the experimen-
tal tests is detailed in section 5.5, and the methods of obtaining the results are explained in
section 5.6.

Yield stress [MPa] Plastic strain [-]
38 0
40 0.6
32 0.7
15 1
1 1.2

Table 3.4: Plastic behavior of ABS.

Yield stress [MPa] Plastic strain [-]
3 0
5 0.02
6.3 0.04
7.65 0.08

Table 3.5: Plastic behavior of TPU.
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Figure 3.9: FEM step by step method.
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3.2.3. Assembly
In the modeling process, each part is initially created in its own coordinate system, and is not
connected to the other parts in the model. Therefore, the components must be assembled to
form a complete model that can be analyzed. In order to assemble the two rectangular plates
and the reinforcing design, various tools were used to position and orientate them relative to
each other. The first plate was positioned on top, while the second plate was positioned on
the bottom, representing the experimental study where only the top plate moves upwards. In
Fig. 3.10, the assembly of the parts are displayed.

Figure 3.10: Assembly of the parts.

3.2.4. Analysis steps
A model consists of a series of analysis steps, which can contain one or more steps. The step
sequence offers a simple way to record any changes made to the model, such as modifications
to loading and boundary conditions, changes in the way components interact with each other,
removal or addition of components, and any other modifications that may occur during the
analysis [64]. Furthermore, these steps allow for the adjustment of the analysis procedure,
the data output, and various controls.

A pre-existing initial step was incorporated in the model to allow for the definition of bound-
ary conditions, predefined fields, and interactions at the start of the analysis. Following the
initial step, an analysis step, specifically the loading step, was created. Each analysis step in
the model is associated with a specific procedure, which determines the type of analysis to
be performed during the step. For the loading step, an explicit dynamic analysis was chosen
to simulate a structure subjected to a high-speed, rapidly applied load or displacement. The
Step Manager tool was used to create, edit, and manipulate the analysis steps in the model.

Abaqus automatically generates default field and history output requests based on the
chosen analysis procedure when a step is created. During the simulation, a history output
request was used to specify the type of data that needed to be analyzed. Typically, this data
is displayed as time history curves that demonstrate the variation of various parameters over
time. Once a history output request has been created, the relevant data will be written to the
output database during the simulation. In this study, history output requests were created for
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the reaction force and displacement of the bottom and top plates, respectively. These requests
tracked and recorded the reaction force and displacement in the vertical direction.

3.2.5. Interactions and constraints
To ensure that the parts were properly aligned and connected, constraints and interactions
needed to be defined between them. These can include various types of constraints such
as fixed or pinned connections, as well as interactions such as contact or tie constraints.
The contact constraints can model various types of contact. For these parts, both tangential
and normal contact behavior were defined. A friction coefficient of 0.1 was assigned to the
tangential behavior. As for the normal behavior, it can be modeled using different types, such
as hard contact or soft contact. In this case, hard contact was selected as the most rigid option,
as it provides no compression.

In addition to the contact constraints, the model was also subjected to tie constraints. Tie
constraints allow to connect two surfaces without transmitting any shear force or moment,
even if the created meshes are dissimilar [65]. This allows the surfaces to share the same
displacement and rotation, while preventing any relative displacement or rotation between
them. To implement the tie constraints, the first step involved defining and creating various
surfaces. Next, the two surfaces that needed to be connected were selected and a set of tie
nodes was defined on each surface. These nodes were then used to create a tie constraint
element that connected the two surfaces. The two tie constraints are illustrated in Figures B.1
and B.2.

3.2.6. Load and boundary conditions
The Load module in Abaqus provides various types of loads and boundary conditions. For
the loading step of the model, boundary conditions were assigned in the form of displacement
constraints. These restrict the degree of freedom of a node in a particular direction. The
bottom plate was constrained with zero displacement in both the x and y directions, while the
top plate was constrained with zero displacement in the x direction and varied displacement
in the y direction, depending on the design. A visualization of the boundary conditions is
displayed in Fig. 3.11. The definition of the amplitude curve was given as a table of values at
useful intervals along the time scale. The boundary conditions for the top plate were adjusted
during the analysis as needed.

3.2.7. Mesh
To conduct simulations, the creation of a mesh was necessary. However, before meshing
could be performed, it was required to make the instances mentioned in Section 3.2.3 inde-
pendent. This was done to enable a range of operations that are not feasible for dependent
parts. Element type, instance seed, and mesh controls were used as tools for making the
meshes. Figures B.3 and B.4 show the element type and mesh controls used, respectively.
The meshes for all designs were triangular in shape, as shown in Fig. B.5.

3.3. Analyses
Numerical simulations were performed to analyze the load-displacement response and frac-
ture processes of the 3D printed reinforcement during the tensile tests. Also to validate the
auxetic or non-auxetic nature of the reinforcement. Using the Job module, jobs were created
for each model and the simulations were conducted. The Visualization module was utilized to
obtain load-displacement curves and illustrate the deformed shapes for each model.
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Figure 3.11: Top plate with displacement.

3.3.1. Poisson’s ratio calculation
The finite element models were used to calculate the strains caused by the applied displace-
ment. Based on the calculated strains, the Poisson’s ratio was determined for each model ac-
cording to [66]. The extraction of coordinate sets for individual nodes can be easily performed
using the nodal probe tool available in Abaqus. By utilizing the data, it became feasible to
ascertain the precise positions of the edge nodes within the model. The distance between the
top and bottom nodes represented the length of the design, with the original length (𝐿) corre-
sponding to the displacement set to zero. Similarly, the width (𝑊) of the reinforcement was
determined by measuring the distance between the left and right nodes located in the middle
of the design, as seen in Fig. 3.12.

After running the simulations, both the top plate and the top node moved upward, result-
ing in an increase in the length of the reinforcement. This increased length is referred to as
the deformed length. The difference between the deformed length and the original length is
quantified as the change in length (Δ𝐿). Likewise, the distance between the deformed width
and the original width is referred to as the change in width (Δ𝑊). Using the change in length
and width, the axial strain and transverse strain were calculated as follows:

𝜀axial =
Δ𝐿
𝐿 (3.1)

𝜀trans =
Δ𝑊
𝑊 (3.2)

The equation of the Poisson’s ratio is presented in Eq. 3.3. The Poisson’s ratio was computed
for each the increment of applied load and plotted against the corresponding displacements.
It was observed that the auxetic materials exhibited a negative Poisson’s ratio, while the non-
auxetic materials displayed a positive Poisson’s ratio.

𝜈 = −𝜀trans𝜀axial
(3.3)
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Figure 3.12: Length and width of the designs with the locations of the nodes.



4
Numerical Study: Results and

Discussion

The results of the numerical study are presented in this chapter. These results have been
obtained and are subject to thorough analysis and in-depth discussions to extract valuable
insights and draw meaningful conclusions. The obtained data includes essential parameters
such as stress-strain curves, Poisson’s ratio, and deformation patterns, among others.
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4.1. Overview Numerical Study
Numerical simulations conducted in Abaqus serve as a powerful tool for researchers to com-
prehensively evaluate and understand complex mechanical processes, optimize designs, and
derive informed engineering conclusions. In the context of this study, the numerical investi-
gation aimed to achieve several objectives. Firstly, the simulations focused on reproducing
and analyzing the load-displacement response of the 3D printed reinforcement. This enabled
a thorough understanding of the mechanical behavior of the reinforcement under different
loading conditions. Furthermore, the study aimed to compare the strengths of the various
design configurations and the two different materials, ABS and TPU. By examining the load-
displacement curves and fracture behavior obtained from the simulations, valuable insights
were gained regarding the performance and effectiveness of different design configurations.

Additionally, the numerical investigation aimed to predict the fracture behavior of the re-
inforcement. By simulating the mechanical response, the study provided crucial information
regarding the structural integrity and failure mechanisms of the reinforcedmaterials, facilitating
the assessment of their overall performance. Moreover, the calculation of Poisson’s ratio was
employed as a means to validate the auxetic or non-auxetic nature of the reinforcing design.
By analyzing the relationship between Poisson’s ratio and displacement, the study offered
evidence regarding the distinctive mechanical properties and behavior of the reinforced mate-
rials. Overall, the numerical study successfully addressed these objectives, providing valuable
insights into the load-displacement response, strength characteristics, fracture behavior, and
auxetic properties of the 3D printed reinforcement.

In the case of the ABS material, the designs underwent simulations with varied displace-
ment values since the point of failure differed for each reinforcement. This approach was nec-
essary to capture the specific behavior and response of each design under different loading
conditions. On the contrary, the TPU material, known for its high elasticity, exhibited different
characteristics. Due to its flexible nature, reaching the point of failure required applying a sub-
stantial displacement. Therefore, to simplify the analysis and facilitate comparison, identical
displacements were assigned to the TPU designs. This ensured a consistent testing frame-
work and allowed for a comprehensive evaluation of the material its performance under similar
loading conditions.

The results for each material and phase are presented in section 4.2 through section 4.9.
Initially, a comprehensive presentation of load-displacement curves for all designs within a
specific phase and material were provided in a single graph. Further analysis was conducted
for each design, providing detailed insights into their behavior. A load-displacement curve
was shown alongside a corresponding Poisson’s ratio-displacement curve. The combined
presentation of load-displacement and Poisson’s ratio curves provides valuable insights into
the mechanical behavior of the different designs, shedding light on their auxetic or non-auxetic
nature and the occurrence of stress localization within the material structure. In this graph,
gray dashed lines were incorporated to indicate the locations of kinks. Subsequently, the
boundary conditions and the applied displacement for each design were presented.

Finally, contour plots illustrating the deformed shape were presented, starting with a dis-
placement of 0.5 mm, followed by a specific displacement indicated with a gray dashed line,
and finally the displacement at the end of the simulation. The plot contours depict the maxi-
mum in-plane principal stresses for the design, with a zoomed-in image provided on the right.
Understanding stress distribution and concentration patterns is crucial for optimizing the de-
sign of structures and components, as it can help identify critical regions prone to failure and
aid in devising appropriate reinforcement strategies to improve overall performance.
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4.2. Results phase 1 ABS
In this phase with this particular material, specific displacements were assigned to each de-
sign: 10 mm for design A, 10 mm for design B, 30 mm for design C, and 15 mm for design D.
This distribution was based on the various stages of fracture that each design experienced.
The load-displacement curves for all designs are illustrated in Fig. 4.1. Furthermore, Fig-
ures 4.2a, 4.2b, 4.2c, and 4.2d present the load-displacement curves accompanied by the
corresponding Poisson’s ratio-displacement curves for designs A, B, C, and D, respectively.

Figure 4.1: Load-displacement curves Phase 1 ABS.
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(a) Design A (b) Design B

(c) Design C (d) Design D

Figure 4.2: Load-displacement curves and Poisson’s ratio-displacement curves for the
different designs with ABS reinforcement (axes differ).

In Fig. 4.2, it is evident that design A and B exhibit a negative Poisson’s ratio, indicating their
auxetic nature, whereas design C and D show a positive Poisson’s ratio, indicating their non-
auxetic nature. It is important to observe that the y-axes of the Poisson’s ratio curves vary
across the four different designs. The subsequent chapters present the contour plots for these
four distinct designs at specific displacements.
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4.2.1. ABS design A
Below are the contour plots illustrating different displacements for design A. A total displace-
ment of 10 mmwas applied. This design exhibits a negative Poisson’s ratio, which implies that
when it is stretched vertically, the reinforcement expands laterally. The final simulated fracture
behavior is depicted in Fig. 4.3d. It was evident that the fracture occurred diagonally. The Fig-
ure demonstrates that the highest stresses (emphasized in red) were distributed throughout
the reinforcement, primarily concentrated near specific joints.

(a) Boundary conditions with applied displacement. (b) Plot contour of deformed shape for 𝑢 = 0.5 mm.

(c) Plot contour of deformed shape for 𝑢 = 5.5 mm. (d) Plot contour of deformed shape for 𝑢 = 10 mm.

Figure 4.3: Boundary conditions and contour plots of deformed shapes.
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4.2.2. ABS design B
Presented below are the contour plots depicting various displacements for design B, with a
total applied displacement of 10 mm. This design also possesses a negative Poisson’s ratio.
The lateral expansion of the reinforcement is clearly evident in the plots presented below. The
ultimate simulated fracture behavior is portrayed in Fig. 4.4d. It was apparent that fracture
took place diagonally, similar to the previous bowtie design.

(a) Boundary conditions with applied displacement. (b) Plot contour of deformed shape for 𝑢 = 0.5 mm.

(c) Plot contour of deformed shape for 𝑢 = 8.5 mm. (d) Plot contour of deformed shape for 𝑢 = 10 mm

Figure 4.4: Boundary conditions and contour plots of deformed shapes.
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4.2.3. ABS design C
Fig. 4.5 presents the contour plots of various displacements for design C, with a total displace-
ment of 30 mm applied. This design displays a positive Poisson’s ratio, signifying that vertical
stretching leads to lateral contraction in the reinforcement. This characteristic is distinctly vis-
ible in the plots provided. Notably, the rectangular design undergoes a transformation into
the honeycomb pattern during vertical stretching. The ultimate simulated fracture behavior
is presented in Fig. 4.5d. This Figure clearly illustrates that the most significant stress con-
centrations were spread across the reinforcement, primarily centered around specific joints,
highlighted in red.

(a) Boundary conditions with applied displacement. (b) Plot contour of deformed shape for 𝑢 = 0.5 mm.

(c) Plot contour of deformed shape for 𝑢 = 21 mm. (d) Plot contour of deformed shape for 𝑢 = 30 mm.

Figure 4.5: Boundary conditions and contour plots of deformed shapes.
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4.2.4. ABS design D
Displayed here are the contour plots illustrating different displacements for design D, with a
final displacement of 15 mm applied. This material also exhibits a positive Poisson’s ratio, and
the characteristic lateral contraction is clearly evident in the presented plots. Interestingly, the
honeycomb design transforms into a stretched-out honeycomb pattern under vertical stretch-
ing. For a comprehensive representation, the ultimate simulated fracture behavior is illustrated
in Fig. 4.6d. This Figure showcases that the high stresses were present near every joint. This
observation indicates that design D exhibited a more uniform distribution of stress concentra-
tions near each joint.

(a) Boundary conditions with applied displacement. (b) Plot contour of deformed shape for 𝑢 = 0.5 mm.

(c) Plot contour of deformed shape for 𝑢 = 1.5 mm. (d) Plot contour of deformed shape for 𝑢 = 15 mm

Figure 4.6: Boundary conditions and contour plots of deformed shapes.
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4.3. Results phase 1 TPU
In contrast to the ABS material, the TPU material exhibits a highly elastic and flexible na-
ture, requiring a significantly higher applied displacement to reach the point of failure. To
simplify the analysis, a uniform displacement of 30 mm was assigned to all designs. The load-
displacement curves for each design are depicted in Fig. 4.7. Additionally, Figures 4.8a, 4.8b,
4.8c, and 4.8d showcase the load-displacement curve alongside a corresponding Poisson’s
ratio-displacement curve for designs A, B, C, and D, respectively.

Figure 4.7: Load-displacement curves Phase 1 TPU.
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(a) Design A (b) Design B

(c) Design C (d) Design D

Figure 4.8: Load-displacement curves and Poisson’s ratio-displacement curves for the
different designs with TPU reinforcement (axes differ).

Fig. 4.8 illustrates the distinct behavior of the different designs. Designs A and B display a
negative Poisson’s ratio, signifying their auxetic nature, while designs C and D showcase a
positive Poisson’s ratio, indicating their non-auxetic characteristic. Notably, the y-axes of the
Poisson’s ratio curves vary among the four designs. In comparison to the ABS material, the
Poisson’s ratio curves exhibit a more linear response. The upcoming chapters provide detailed
contour plots for these four unique designs at specific displacement levels.
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4.3.1. TPU design A
Fig. 4.9 displays the contour plots depicting various displacements for design A, with a total
displacement of 30 mm imposed. Notably, this design demonstrates a negative Poisson’s
ratio, evident from the lateral expansion of the reinforcement during vertical stretching. The
final simulated fracture behavior is captured in Fig. 4.9d. It is obvious that stretching causes
the bowtie design to change into a rectangular shape. The transition point occurs at an ap-
proximate displacement of 27 mm. When simulated beyond 30 mm, the rectangular shape
transforms into a honeycomb shape.

(a) Boundary conditions with applied displacement.
(b) Plot contour of deformed shape displaying max in-
plane stress for u = 0.5 mm.

(c) Plot contour of deformed shape displaying max in-
plane stress for u = 10.5 mm.

(d) Plot contour of deformed shape displaying max in-
plane stress for u = 30 mm.

Figure 4.9: Boundary conditions and contour plots of deformed shapes.
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4.3.2. TPU design B
Below are the contour plots illustrating different displacements for design B, with a total dis-
placement of 30 mm applied. This design also exhibits a negative Poisson’s ratio, indicated
by the lateral expansion of the reinforcement during vertical stretching. The final simulated
fracture behavior is depicted in Fig. 4.10d. Notably, the stretching process leads the bowtie
design to transform into a rectangular shape. It is worth noting that the re-entrant angle of
design B is sharper than that of Design A, necessitating a higher displacement to achieve the
rectangular configuration. The transition point had not been reached yet.

(a) Boundary conditions with applied displacement.
(b) Plot contour of deformed shape displaying max in-
plane stress for u = 0.5 mm.

(c) Plot contour of deformed shape displaying max in-
plane stress for u = 25.5 mm.

(d) Plot contour of deformed shape displaying max in-
plane stress for u = 30 mm.

Figure 4.10: Boundary conditions and contour plots of deformed shapes.
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4.3.3. TPU design C
Fig. 4.11 displays the contour plots for design C, depicting a total displacement of 30 mm. This
design exhibits a positive Poisson’s ratio, which results in pronounced lateral contraction. It is
evident that the vertical stretching of the rectangular shape leads to its transformation into a
honeycomb configuration. The final simulated shape is illustrated in Fig. 4.11d.

(a) Boundary conditions with applied displacement
(b) Plot contour of deformed shape displaying max in-
plane stress for u = 0.5 mm.

(c) Plot contour of deformed shape displaying max in-
plane stress for u = 19.5 mm.

(d) Plot contour of deformed shape displaying max in-
plane stress for u = 30 mm.

Figure 4.11: Boundary conditions and contour plots of deformed shapes.
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4.3.4. TPU design D
The subsequent section displays the contour plots for design D at different displacement lev-
els. This design also exhibits a positive Poisson’s ratio, evident from the observed lateral
contraction. As the reinforcement undergoes elongation, the honeycomb structure becomes
progressively stretched. The ultimate simulated configuration is depicted in Fig. 4.12d.

(a) Boundary conditions with applied displacement.
(b) Plot contour of deformed shape displaying max in-
plane stress for u = 0.5 mm.

(c) Plot contour of deformed shape displaying max in-
plane stress for u = 15 mm.

(d) Plot contour of deformed shape displaying max in-
plane stress for u = 30 mm

Figure 4.12: Boundary conditions and contour plots of deformed shapes.
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4.4. Analyzing results and discussion phase 1
In the discussion of the load-displacement curves for the ABS reinforcement (Fig. 4.1) across
the four different designs, fracture was observed for all the designs. On the other hand, for
the TPU reinforcement (Fig. 4.7), fracture was not observed due to its highly elastic nature.
This distinction in fracture behavior can be attributed to the different mechanical properties of
the materials used. ABS material exhibits a high elastic modulus, indicating its stiffness and
resistance to deformation. On the other hand, TPU material possesses a low elastic modulus,
signifying its high flexibility and ability to withstand significant deformation without fracture.
Upon comparing the load capacities of the two materials, it becomes evident that ABS can
withstand a significantly higher force compared to the TPU material. This difference draws
attention to the distinctions in the mechanical properties and strength characteristics of ABS
and TPU. Examining the behavior of the ABS material (Fig. 4.1), a notable observation is that
the auxetic designs exhibited an earlier onset of fracture compared to the non-auxetic designs.

When comparing the stiffness of the four different designs for both ABS and TPU materi-
als, a consistent pattern emerges. For both materials, design D exhibits the highest stiffness
among the four designs, followed by design C, then design A, and finally design B, as displayed
in Fig. 4.13. However, in the case of the ABS material, the variance in stiffness between de-
sign A, C and D was not substantial. The observed order of stiffness for the designs can be
attributed to their unique geometric configurations and cell arrangements. From the literature
study, the higher stiffness of the honeycomb design in comparison to the rectangular configu-
ration was already established. Design D, being a honeycomb structure, provides a more rigid
and robust framework compared to the other designs, resulting in a higher overall stiffness.
Design C, with its rectangular arrangement, also offers a considerable level of stiffness, al-
though slightly lower than design D. On the other hand, design A and B, being auxetic bowtie
structures, possess lower stiffness due to their characteristic behavior of lateral expansion
under tensile loading, which imparts a degree of flexibility to the materials. Overall, the stiff-
ness rankings for the designs suggest that the honeycomb-based structures (design D) tend
to exhibit the highest stiffness, while the auxetic bowtie designs (design A and B) demonstrate
relatively lower stiffness. This information can be valuable when selecting the appropriate de-
sign for specific applications that require specific mechanical properties and stiffness levels.

(a) ABS (b) TPU

Figure 4.13: Stiffness phase 1 for both materials (axes differ)

In Fig. 4.2 and Fig. 4.8, the load-displacement curves of the four designs are presented along-
side the corresponding Poisson’s ratio curves for the materials ABS and TPU, respectively.
First discussing the ABS material, it is evident that design A and B exhibited a negative Pois-
son’s ratio, indicative of their auxetic behavior, characterized by lateral expansion under tensile
loading. On the contrary, design C and D displayed a positive value for Poisson’s ratio, signi-
fying their non-auxetic behavior, where lateral contraction occurred during tensile loading as
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expected.
Furthermore, the Poisson’s ratio curves for designs A, B and C demonstrated non-linearity,

suggesting the occurrence of stress localization in the materials. These instances could be
identified by the kinks in the Poisson’s ratio curve, marked by presence of gray dashed lines.
This phenomenon of non-linearity occurred due to the redistribution of stress within the struc-
ture, leading to localized regions of high stress concentrations. The non-linearity of the Pois-
son’s ratio curves highlights the complex and nonlinear mechanical response of the materials
under load. However, design D showed a distinct linear response for the Poisson’s ratio after
a displacement of 1.8 mm. As the displacement increased, the Poisson’s ratio also increased
steadily. Notably, for design A, the Poisson’s ratio remained within certain limits. On the other
hand, designs C surpassed the limit of 𝜈 = 0.5 when fracture started to occur. Remarkably,
design D began near the limit of 𝜈 = 0.5 and continued increasing up to a value of 𝜈 = 2.5.

In the context of the TPU material, the auxetic designs also exhibited a negative Poisson’s
ratio, while the non-auxetic designs showed a positive value. All designs displayed linearity in
their Poisson’s ratio curves. The expansion of the auxetic structures can be clearly observed
in Figures 4.9 and 4.10, whereas the contraction of the non-auxetic ones is displayed in Fig-
ures 4.11 and 4.12. Notably, design A, when subjected to lateral stretching, transformed into
design C, and with further simulation, eventually evolved into design D, which aligns with find-
ings from the literature review. Similarly, design C transformed into design D when stretched.
However, design D retained its honeycomb shape but with significant stretching. Compar-
ing design A and B, it is evident that design B, with a sharper angle, requires more force to
transform it into design C.

Staring with the analysis of design A in the TPU material, the initial Poisson’s ratio was
approximately -0.27, which progressively decreased as the displacement increased. At a dis-
placement of 30 mm, the observed Poisson’s ratio was -0.075, indicating a reduced tendency
for lateral expansion during stretching. In contrast, for design B, the initial Poisson’s ratio was
around -0.55 and approached -0.42 as the displacement increased, indicating a reduction in
lateral expansion during stretching compared to its initial state. Overall, these results indicate
that the two designs behave differently in response to applied loads. Design C and D exhib-
ited positive Poisson’s ratios, indicating their non-auxetic nature, as they began with positive
values and became more positive as the displacement increased. For design C, the initial
Poisson’s ratio was approximately 0.125, and it increased linearly up to 0.45 as the displace-
ment progressed. On the other hand, design D started with a Poisson’s ratio near 1.32 and
steadily increased until reaching 1.82 with increasing displacement. Essentially, this informa-
tion suggests that design C and D behaved as non-auxetic materials, with lateral contraction
occurring as they were stretched, and the magnitude of this lateral contraction increased with
increasing deformation.

Based on the contour plots of the ABSmaterial, the fracture in design A occurred diagonally
(Fig. 4.3). This was also the case for design B. In contrast, designs C and D displayed lateral
contraction while being vertically stretched, as evidenced in Fig. 4.5 and Fig. 4.6. Notably, the
rectangular design transformed into a honeycomb-like structure under high stress, whereas
design D maintained its honeycomb shape until fracture, albeit being elongated. Similar to
design A, the areas of elevated stress were also localized near the joints for designs C and D.
In designs A and C, the highest stresses were observed to be distributed across the reinforce-
ment material, predominantly near specific joints. In design D however, these high stresses
occurred near every joint. This observation suggests that design D experienced a more uni-
form distribution of stress concentrations near each joint, unlike designs A and C, where stress
concentrations were localized to specific joint regions. The stress distribution pattern in de-
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sign D indicates a more balanced load transfer and potential for enhanced structural integrity
compared to designs A and C.

In terms of stress levels, the ABS material displayed substantially higher stresses, approx-
imately five times greater than those observed in the TPU material. This difference in stress
levels can be associated with the ability of ABS to withstand more force than TPU. However,
the TPU material showcased a higher deformation capacity, allowing it to sustain large defor-
mations without reaching the point of failure. The highest stresses were concentrated near
the joints, similar to the ABS material. This indicates that the joints were critical regions where
stress concentrations occurred under loading. In addition to high stresses near the joints,
there were also high stresses observed in the vertical walls of the cell. This phenomenon was
observed because design D underwent significant stretching, resulting in the vertical walls be-
ing subjected to extreme deformation and stress. In both materials, the regions near the joints
exhibited the highest stress concentrations, making them the most critical areas for stress
accumulation.
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4.5. Results phase 2 ABS
The load-displacement curves of the adjusted designs, along with the results from phase 1,
are depicted in Fig. 4.14. Design Cadj was assigned a displacement of 25 mm, while Dadj had a
displacement of 20 mm, representing the points of failure for these designs. Fig. 4.15a shows
the load-displacement curve and the corresponding Poisson’s ratio-displacement curve for
design Cadj, while Fig. 4.15b presents the same curves for design Dadj. The y-axes of these
two curves are not similar.

Figure 4.14: Load-displacement curves Phase 2 ABS.

(a) Design Cadj (b) Design Dadj

Figure 4.15: Load-displacement and Poisson’s ratio-displacement curves for design Cadj
and design Dadj with ABS reinforcement (axes differ).
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4.5.1. ABS design Cadj
The contour plots of the adjusted design C, denoted as Cadj, are presented in Fig. 4.16. In this
design, a displacement of 25 mm was applied, which is lower than that of phase 1. Fracture
occurred earlier in this phase due to the increased volume. The rectangular design transitions
into a honeycomb shape before reaching the point of fracture, similar to the behavior observed
in phase 1. The final simulated fracture model is visualized in Fig. 4.16d. The highest stresses
were concentrated near the joints.

(a) Boundary conditions with applied displacement (b) Plot contour of deformed shape for u = 0.5 mm

(c) Plot contour of deformed shape for u = 17.5 mm (d) Plot contour of deformed shape for u = 25 mm

Figure 4.16: Boundary conditions and contour plots of deformed shapes.
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4.5.2. ABS design Dadj
Displayed below are the contour plots of the adjusted design Dadj. In this design, a displace-
ment of 20 mm was applied, which is marginally higher than that used in phase 1. For this
particular design, fracture occurred at a later stage in this phase due to the increased volume.
The ultimate simulated fracture model is depicted in Fig. 4.17d. The highest stresses were
primarily localized at the joints and the vertical walls of the cell.

(a) Boundary conditions with applied displacement (b) Plot contour of deformed shape for u = 0.5 mm

(c) Plot contour of deformed shape for u = 18 mm (d) Plot contour of deformed shape for u = 20 mm

Figure 4.17: Boundary conditions and contour plots of deformed shapes.
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4.6. Results phase 2 TPU
Fig. 4.18 displays the load-displacement curves for phase 1 and 2 of the TPU material. Simi-
larly, a displacement of 30 mm was assigned to design Cadj and Dadj. Fig. 4.19a presents the
load-displacement curve and the accompanying Poisson’s ratio-displacement curve for design
Cadj, whereas Fig. 4.19b illustrates the same curves for design Dadj. It is important to observe
that the y-axes are not the same.

Figure 4.18: Load-displacement curves Phase 2 TPU

(a) Design Cadj (b) Design Dadj

Figure 4.19: Load-displacement and Poisson’s ratio-displacement curves for design Cadj
and design Dadj with TPU reinforcement (axes differ).
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4.6.1. TPU design Cadj
Fig.4.20 displays the contour plots for design Cadj using the TPU material. Just like in phase
1, the rectangular shape transforms into a honeycomb shape under tension. A displacement
of 30 mm was applied for this design, as shown in Fig.4.20d.

(a) Boundary conditions with applied displacement (b) Plot contour of deformed shape for u = 0.5 mm

(c) Plot contour of deformed shape for u = 6 mm (d) Plot contour of deformed shape for u = 30 mm

Figure 4.20: Boundary conditions and contour plots of deformed shapes.
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4.6.2. TPU design Dadj
In the following section, contour plots for design D are presented at various levels of dis-
placement. As the reinforcement undergoes elongation, the honeycomb structure gradually
extends. The final simulated configuration is showcased in Fig. 4.21d.

(a) Boundary conditions with applied displacement (b) Plot contour of deformed shape for u = 0.5 mm

(c) Plot contour of deformed shape for u = 6 mm (d) Plot contour of deformed shape for u = 30 mm

Figure 4.21: Boundary conditions and contour plots of deformed shapes.
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4.7. Analyzing results and discussion phase 2
The load-displacement curves depicted in Fig. 4.22 showcase the reinforcing designs with
identical volume for both materials. Similar to phase 1, design A reaches fracture first, fol-
lowed by design Dadj, and finally design Cadj. Moreover, for both materials, design Dadj exhibits
the highest stiffness, followed by design Cadj, and finally design A, as displayed in Fig. 4.23.
For design Cadj and Dadj, both the adjusted designs displayed higher stiffness compared to
the designs in phase 1. For the ABS material, increasing the volume of design C resulted in
an increase of approximately two, whereas for design D, the increase was about 2.5 times.
Conversely, in the TPU material, the stiffness of design C increased with a factor of 1.8, while
design D increased with a factor of 2.25. This observation aligns with the concept that the ad-
justed designs have a larger volume, leading to increased stiffness due to the more substantial
reinforcement present in the structure.

(a) ABS

(b) TPU

Figure 4.22: Load-displacement curves Phase 2 (values on the y-axis differ).

Upon comparing the Poisson’s ratio curves from phase 1 and phase 2 for the material ABS,
illustrated in Figures 4.2c and 4.15a for the rectangular design, it is evident that both designs
initiated with a 𝜈 of 0.1 and reached a value of approximately 𝜈 = 0.5 at a displacement of 25
mm. As the displacement increased, the design experienced deformation, leading to changes
in its dimensions in both lateral and axial directions. This deformation caused the Poisson’s
ratio to increase gradually until reaching a value of approximately 0.5. Similar non-linear in-
creases in Poisson’s ratio were seen along both curves as the displacement increases. The
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(a) ABS (b) TPU

Figure 4.23: Stiffness phase 2 for both materials (axes differ).

non-linear behavior of the Poisson’s ratio curve is a consequence due to the response of the
material to the applied tensile stress and the subsequent deformation. Similarly, examining
the Poisson’s ratio curves depicted in Figures 4.2d and 4.15b for the honeycomb design, it
is apparent that design D exhibited a linear increase, while design Dadj initially demonstrated
a linear decrease, followed by an increase as the displacement progressed. This behavior
might be attributed to the specific geometrical arrangement and mechanical properties of the
honeycomb structure. As the honeycomb design deformed under load, the redistribution of
stress within the material might have caused variations in the Poisson’s ratio at different stages
of deformation.

In Figures 4.8c and 4.19a, the Poisson’s ratio curves for phase 1 and phase 2 of the
TPU material are presented for the rectangular design. Both curves show a similar behavior,
displaying a linear increase in the Poisson’s ratio as the displacement increases. This behavior
is common in many materials under tensile loading, where they tend to contract laterally while
elongating in the axial direction. As the material undergoes deformation, the Poisson’s ratio
increases linearly until it reaches a certain value. For the designs shown in Figures 4.8d and
4.19b, which represent the honeycomb design for phase 1 and the adjusted honeycomb design
for phase 2, respectively, interesting observations can be made. The adjusted design (design
Dadj) has a lower value for the Poisson’s ratio compared to the original design (design D) in
phase 1. However, both designs display a linear increase in the Poisson’s ratio with increasing
displacement. The lower value of the Poisson’s ratio for the adjusted honeycomb design may
be attributed to the modifications made to the honeycomb structure. These changes could
have influenced the distribution of stresses within the material during deformation, resulting
in a different Poisson’s ratio value compared to the original design. Nevertheless, the fact
that both designs exhibit a linear increase in the Poisson’s ratio indicates that the material still
behaves in a similar anisotropic and nonlinear manner under tensile loading.

In Fig. 4.16, the stress distribution shows that the highest stresses were concentrated
near the joints, a pattern consistent with the observations from the first phase. Similarly, for
the honeycomb design depicted in Fig. 4.17, the highest stresses were primarily localized at
the joints and the vertical walls of the cell. This stress concentration behavior is similar to what
was observed in the first phase. For the TPU material illustrated in Figures 4.20 and 4.21, the
contour plots displaying the deformed shapes and the associated stress patterns exhibited
similarities to those observed in the first phase.
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4.8. Results phase 3 ABS
For phase 3, design Cmod was subjected to a displacement of 12 mm. This displacement
was chosen as the simulated points of failure for the design. Fig. 4.24 depicts the load-
displacement curve along with the corresponding Poisson’s ratio-displacement curve.

Figure 4.24: Load-displacement curve and Poisson’s ratio-displacement curve design Cmod
with ABS reinforcement.
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4.8.1. ABS design Cmod
Fig.4.25 showcases the contour plots for design Cmod, with a displacement of 12 mm applied.
The simulated fracture model is presented in Fig.4.25d. This Figure clearly shows that the
highest stresses (highlighted in red) were concentrated on the inner side of the vertical wall of
the cell.

(a) Boundary conditions with applied displacement (b) Plot contour of deformed shape for u = 0.5 mm

(c) Plot contour of deformed shape for u = 10.8 mm (d) Plot contour of deformed shape for u = 12 mm

Figure 4.25: Boundary conditions and contour plots of deformed shapes.
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4.9. Results phase 3 TPU
Similarly to the previous phases for the TPU material, a uniform displacement of 35 mm
was assigned to the modified design in phase 3. Furthermore, Fig. 4.26 illustrates the load-
displacement curve along with the corresponding Poisson’s ratio-displacement curve.

Figure 4.26: Load-displacement curve and Poisson’s ratio-displacement curve design Cmod
with TPU reinforcement.
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4.9.1. TPU design Cmod
Displayed below are the contour plots for design Cmod using the TPU material. As observed in
the previous phases, the rectangular shape transforms into a honeycomb configuration. The
areas of highest stress were concentrated near the joints, indicated by red in Fig. 4.27d.

(a) Boundary conditions with applied displacement (b) Plot contour of deformed shape for u = 0.5 mm

(c) Plot contour of deformed shape for u = 12.5 mm (d) Plot contour of deformed shape for u = 35 mm

Figure 4.27: Boundary conditions and contour plots of deformed shapes.
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4.10. Analyzing results and discussion phase 3
In the discussion of design Cmod, it is evident that the ABS material maintains a higher stiff-
ness compared to the TPU material, consistent with the findings from the previous phases.
Fracture was not observed for the TPU material during this phase either, further demonstrat-
ing its flexibility. The Poisson’s ratio for design Cmod was positive, indicating its non-auxetic
behavior. For the ABS material, the Poisson’s ratio curve remained constant until the point
of fracture, after which it increased linearly (Fig. 4.24). After reaching the point of fracture,
the material underwent more localized deformation and stress concentration, leading to an
increase in Poisson’s ratio in a linear manner. This behavior is commonly observed in ma-
terials that undergo significant deformation and failure, resulting in non-uniform and localized
strain distribution. In contrast, the TPU material exhibited a decrease in Poisson’s ratio at the
beginning of the displacement, followed by a subsequent linear increase (Fig. 4.26). Regard-
ing stress levels, the ABS material exhibited significantly higher stresses, approximately 2.25
times greater than those observed in the TPU material. The highest stresses for the ABS ma-
terial were observed near the joints and the vertical walls of some cells (Fig. 4.25). In the case
of the TPU material, vertical displacement resulted in the transformation of the rectangular
design into a stretched-out honeycomb configuration, similar to previous phases. The highest
stresses were again located near the joints, as illustrated in Fig. 4.27. These critical areas of
stress accumulation need further consideration in the analysis of structural performance.

4.10.1. Comparison phase 2 and 3
The adjusted design had a length of 100 mm, while the modified one had a length of 108
mm. However, despite the difference in length, the volume of the designs remained the same.
When comparing design C between phase 2 and phase 3 for the ABS material (Fig. 4.28a),
the stiffness values showed relatively minor differences. Even so, there were noticeable differ-
ences in themodified and adjusted designs close to fracture. Themodified design experienced
fracture much earlier than the adjusted design. In the case of the TPU material, as shown in
Fig. 4.28b, both the modified and adjusted designs started with similar stiffness values. How-
ever, the modified design exhibited linear stiffness increase, whereas the adjusted design
started entering the plastic stage, indicating different mechanical behaviors under loading.
Upon comparing Poisson’s ratio values for phase 2 and phase 3 in ABS and TPU materials,
a notable pattern emerged. It became evident that an increase in cell size corresponded to
a simultaneous increase in Poisson’s ratio. In other words, larger cell sizes exhibited higher
Poisson’s ratios for both ABS and TPU. This phenomenon points to the significant role that
size plays in influencing the mechanical properties of the materials.
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(a) ABS

(b) TPU

Figure 4.28: Load-displacement curves Phase 2 vs 3 (values on the y-axis differ).

4.11. Summary of numerical study
Design A and B clearly displayed a negative Poisson’s ratio, demonstrating their auxetic be-
havior, which is defined by lateral expansion under tensile loading. In contrast, design C and
D showed a positive Poisson’s ratio, indicating non-auxetic behavior, with predicted lateral
contraction during tensile loading. It was observed that the ABS material reached fracture,
while the TPU material did not. ABS demonstrated a notable high load-bearing capacity and
resistance to deformation, along with good elongation at break, as supported by the literature.
In contrast, TPU demonstrated a relatively low load-bearing capacity but remarkable ductil-
ity. These distinct mechanical behaviors highlight the inherent differences between the two
materials in terms of strength and deformation characteristics.

As mentioned earlier, the TPU material is highly ductile, allowing it to deform without ex-
periencing fracture. When the re-entrant structure was subjected to lateral stretching, it trans-
formed into a rectangular structure, and with further simulation, eventually evolved into a hon-
eycomb structure, which is consistent with findings from the literature review. This behavior
highlights the remarkable adaptability and transformation capabilities of the TPU material un-
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der different loading conditions.
Regarding stress levels, the ABS material exhibited significantly higher stresses, approxi-

mately five times greater than those observed in the TPU material during the first two phases.
In the third phase, this difference reduced to a factor of approximately 2. This difference in
stress levels can be associated with the ability of ABS to withstand more force than TPU.

In conclusion, the numerical study provided valuable insights into themechanical responses
of various 3D printed reinforcing designs under different loading conditions. This study pre-
dicts that the ABS reinforcement will enhance the strength of the composite, whereas the TPU
reinforcement will enhance the ductility of the composite. The findings can guide material se-
lection, design optimization, and reinforcement strategies for different applications, contribut-
ing to the advancement of materials engineering and structural design in various fields. The
upcoming chapters delve into the experimental study employed in this thesis.



5
Experimental Study: Method and Setup

This chapter outlines the experimental setup utilized for this study, including the material prop-
erties of the reinforcement and their designs. The experimental investigation was conducted
in three distinct phases. In the first phase, only the angle was varied to understand its impact.
The second phase involved equalizing the reinforcing volume. In the third phase, the designs
were enlarged to allow the fibers to embed easier within the reinforcing designs, which was
identified as a significant challenge during the previous two phases.

In addition to the designs and reinforcements, a detailed description of the cementitious
matrix material was provided. Furthermore, the process of casting and curing the cementitious
matrix material was explained, outlining the specific steps and conditions involved in ensuring
proper formation and hardening. Moreover, detailed information was provided regarding the
sample preparation, including the surface treatment techniques used. Lastly, the tensile tests
were described, indicating the utilization of an Instron hydraulic testing instrument capable of
measuring both the applied force and displacement during the tests.

65
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5.1. Material properties reinforcement
Various reinforcement designs were created using AutoCAD software and subsequently ex-
ported to Cura to generate the necessary file for the 3D printer. The reinforcement was fabri-
cated using an Ultimaker 2+ FDM 3D printer. FDM is a rapidly developing prototype technique
that makes it possible to quickly produce functional parts with complex geometries. Each re-
inforcement sample was printed layer-by-layer, starting from the bottom layer to the top layer.
ABS and TPU filaments were used as the printing materials. In order to improve adhesion
during printing and ease release after cooling, glue was applied to the build plate.

Figure 5.1: Printing setup in the Ultimaker 2+.

Themechanical properties of the printed reinforcement may be subject to variations influenced
by printing parameters, as evidenced in the literature. Therefore, it is essential to maintain the
constancy of these parameters. Table 5.1 presents the printing parameters used in this study.
These parameters were identical for both printing materials.

Printing Parameter Configuration
ABS temperature [°C] 260
TPU temperature [°C] 235

Top/bottom thickness [mm] 1.2
Nozzle diameter [mm] 0.6
Wall thickness [mm] 1.59
Layer height [mm] 0.15
Print speed [mm/s] 40
Infill speed [mm/s] 55
Infill density [%] 100
Infill pattern Lines

Table 5.1: Printing parameters of the 3D printed reinforcement.
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5.1.1. Reinforcement designs: Phase 1
In this phase, the angle was the only variable modified with the purpose of gaining a better
understanding of its impact. Unlike the numerical study, design B with the 52 degree angle
was excluded from the experimental study due to the presence of numerous air voids in the
composite samples. The sharp angle hindered proper compaction, creating limited space for
the fibers to pass through, leading to the formation of excessive air voids. For a visual repre-
sentation of the air voids, see Appendix C, Fig. C.3. Thus, in this phase of the experimental
study, three angles (63, 90, and 117 degrees) were explored. Fig. 5.2 provides the angle,
thickness, width, and volume for each design. The centerlines for these designs are depicted
in Fig. 5.3.

Fig. 5.4 shows three distinct angle reinforcements that were designed and 3D printed using
the Ultimaker 2+. Although both ABS and TPU were used as filament, only ABS (red printing
material) is illustrated in the Figure. As depicted in Fig. 5.5, support structures were designed
and 3D printed near the ends of the reinforcements to ensure their central positioning within
the sample. The height of the concrete samples was 10 mm, and the reinforcements were 5
mm. Therefore, supports of 2.5 mm were designed to position the reinforcement midway.

Figure 5.2: Measurements of a unit cell in mm. From left to right: Design A, C and D.

Design A Design C Design D
Angle [°] 63 90 117

Thickness [mm] 1.08 1.08 1.08
Width [mm] 37.08 37.08 37.08

Volume [mm3] 5683.98 4517.61 3924.54

Table 5.2: Dimensions reinforcement Phase 1.

Figure 5.3: Centerline for design A, C and D respectively.
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Figure 5.4: Different angle designs of 3D printed polymeric reinforcement with their
measurements for phase 1. (a) Design A: 63°; (b) Printed reinforcement of design A; (c)
Design C: 90°; (d) Printed reinforcement of design C; (e) Design D: 117°; (f) Printed

reinforcement of design D.
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Figure 5.5: Printed supports near the ends: (a) Side view supports; (b) Isometric view
supports.

5.1.2. Reinforcement designs: Phase 2
The reinforcing volume of the various designs was equalized during this phase. As displayed
in Table 5.2, the largest volume was observed for design A with a value of 5683.98 mm3. Con-
sequently, the reinforcing volume for designs C and D were adjusted to match the volume of
design A. The adjustment involved increasing the thickness of the samples along the center-
line, as illustrated in Fig. 5.3 and Fig. 5.6. This resulted in varying dimensions of the unit cell
among the designs, which are presented in Table 5.3. Notably, the volumes of all the designs
were nearly equal according to the Table.

Fig. 5.7 and Fig. 5.8 showcase the usage of TPU (blue printing material). Remarkably,
it can be observed that supports were designed an printed not only near the ends of the re-
inforcements, but also in the middle. This was due to the lightweight nature of TPU, which
caused bending in the middle section of the reinforcement due to the self-weight of the mate-
rial. The presence of the additional supports can be identified in the Figures 5.7(c) & 5.7(d)
and Figures 5.8(c) & 5.8(d) with yellow arrows. These additional supports were only added
for the TPU material in all phases.

Figure 5.6: Centerline for design Cadj (left); design Dadj (right).
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Design A Design Cadj Design Dadj
Angle [°] 63 90 117

Thickness [mm] 1.08 1.38 1.60
Width [mm] 37.08 37.38 37.60

Volume [mm3] 5683.98 5685.57 5682.26

Table 5.3: Reinforcing volume Phase 2.

Figure 5.7: Design Cadj: 90° (a) Length and width of printed reinforcement; (b) 3D printed
polymeric reinforcement; (c) Side view supports; (d) Isometric view supports.
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Figure 5.8: Design Dadj: 117°. (a) Length and width of printed reinforcement; (b) 3D printed
polymeric reinforcement; (c) Side view supports; (d) Isometric view supports.

5.1.3. Reinforcement designs: Phase 3
During this phase of the study, a modification was implemented in the designs to ease the
process of embedding fibers. This was accomplished by enlarging design C, thereby creat-
ing additional space for the fibers to pass through. Despite this modification, the reinforcing
volume remained consistent with phase 2, approximately measuring 5685 mm3, as indicated
in Table 5.4. The center-line of this design had a length of 18 mm and a width of 18 mm as
shown in Fig. 5.9.

Fig. 5.10 showcases the modified reinforcement that was designed and subsequently 3D
printed. In this Figure, only the material TPU was illustrated. By implementing these modi-
fications and closely examining the resulting designs, the study aimed to enhance the fiber
embedding process and assess the impact of design variations on the overall reinforcement
structure.

Design Cmod
Angle [°] 90

Thickness [mm] 2.45
Width [mm] 38.45

Volume [mm3] 5683.3875

Table 5.4: Reinforcing volume Phase 3.
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Figure 5.9: Centerline for design Cmod.

Figure 5.10: Designs of the 3D printed polymeric reinforcement with their measurements for
phase 3. (a) Design Cmod: 90°; (b) Printed reinforcement of design Cmod.

5.2. Material properties cementitious matrix material
The samples were composed of self-consolidating ECC, which included ordinary Portland
Type I cement and fine sand as aggregates. The mixture also consisted of various chemical
admixtures, including a viscosity modifying agent (VMA) and a superplasticizer (SP). PE fibers,
measuring 6 mm in length, were used as reinforcing fibers. A detailed list of the mixture design
is provided in Table 5.5.

CEM I 42.5N Sand VMA Water Superplasticizer PE fibers
[0.125 - 0.250 mm] (Glenium 51) (volume fraction)

1200 600 0.2 420 14.4 1%

Table 5.5: Self-compacting ECC mix proportion [g/l], adapted from [9].

5.3. Casting and curing
In order to create the necessary form, fresh concrete was prepared and cast into a Styrofoam
mold measuring 140 by 40 by 40 mm. First the bottom of the 3D printed models was properly
washed with soap and water to remove the glue layer. The models were then glued onto the
molds to ensure that they remain midway and do not move during the vibration process. A
soft 2-component silicone casting rubber was used to create the glue. The prepared molds
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(Fig. 5.11) were set aside to dry while fresh concrete was being prepared. Ultimately, the
concrete mixture was poured into the prepared molds. A representation of the mold containing
the reinforcement and cementitious matrix is illustrated in Fig. 5.12.

The samples were created using the concrete mix design listed in Table 5.5 The dry in-
gredients were first carefully measured and manually stirred in a mixing bowl with a spoon.
Afterwards wet materials (water and superplasticizer) were added to the bowl. The ingredi-
ents were mixed with a Hobart laboratory mixer for one minute. The dry materials that were
stuck to the bottom of the bowl were removed using a spoon and then mixed again for another
two minutes. Finally the PE fibers were added to the bowl after which mixing continued for
three more minutes. The mixture was then poured into the prepared molds and vibrated for
a minute. The fresh samples were covered with plastic sheets for two days, after which they
were demolded and placed in a curing chamber (20 ± 2°C, 96 ± 2%RH) for 26 days. The
concrete samples need to be kept at an acceptable temperature and moisture level for an
extended period of time so that hydration may produce the appropriate concrete qualities.

A day prior to testing, the samples were cut to their proper size. The length of the different
reinforcements varied per design and were displayed in the numerical study. The width and
height of the casted samples were kept constant at 40 mm and 10 mm, respectively. The
desired sample lengths are listed in Table A.1, while the actual sample dimensions can be
found in Tables A.2 and A.3 of Appendix A.

Figure 5.11: Prepared molds.
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Figure 5.12: Visualization of the mold with the reinforcement and cementitious matrix.

5.4. Sample preparation
It is necessary to prepare the surface of the samples before testing to measure the in-plane
deformation. The samples were removed from the curing chamber an hour prior to the tensile
tests. To prepare the surface, it was dabbed dry with a paper towel and primed with several
coats of white paint. Subsequently, black dots were sprayed onto the white surface, as shown
in Fig. 5.13, for the purpose of performing DIC analysis.

Figure 5.13: Prepared samples for testing.

5.5. Uniaxial tensile test
Uniaxial tensile tests were performed on the 28-day-old samples using an INSTRON 8872
servo-hydraulic press. The press functions by applying a precisely controlled force or dis-
placement to the test specimen and recording the material response. A displacement control
with a constant speed of 0.005 mm/s was used in this study. Prior to testing, the samples
were clamped between two non-rotating rectangular plates to prevent any potential slippage
during testing. This was achieved by gluing them to the plates using a mixture of Pedikit 860 A
and a liquid hardener. During testing, the bottom plate remained stationary while the top plate
moved upwards. A load cell was used to measure the load and two linear variable displace-
ment transducers (LVDTs) were positioned on either side of the prepared sample to measure
the displacements. A visualization of the tensile tests on the samples is presented in Fig. 5.14.
The tests yielded data on force and displacement, which were used to calculate the stresses
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and strains. Tensile strength and strain capacity for each sample were obtained as indicated
in Fig. 5.15.

Figure 5.14: Visualization of the uniaxial tensile test.

Figure 5.15: Uniaxial tensile test definitions of tensile strength and strain capacity, adapted
from [1].

A camera was positioned in front of the sample during the tests to photograph the cracking
process. The camera was placed in a manner that allowed it to capture the entire area of
interest while maintaining perpendicularity to the surface of the sample, thus avoiding any
pseudo strain resulting from out-of-plane motion. The images were taken immediately after
the test started and were captured at six-second intervals. Fig. 5.16 displays the camera and
sample setup.
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Figure 5.16: Camera placement.

Uniaxial tensile tests were conducted on three identical 3D printed TPU bars to obtain input
parameters for the TPU reinforcement required for the numerical study. A small testing ma-
chine subjected the bars to displacement control with a constant rate of 0.01 mm/s. The TPU
bars had a width of 1 mm and a length of 28 mm. The untested and tested bars can be seen
in Fig. 5.17. Additionally, Figures 5.18 and 5.19 provide a top and side view, respectively, of
the small tensile testing machine utilized for testing the TPU bars. These figures depict the
load cell, clamps, and positioning of the 3D printed bar.

Figure 5.17: Left: Printed TPU bar; Right: untested bar compared to tested bar.
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Figure 5.18: Small TSTM top view.

Figure 5.19: Small TSTM side view.
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5.6. ABS and TPU bars results
The results of the tests carried out on ABS bars were obtained from Dr. Y. Xu within the
context of this investigation. The load-displacement curves for both materials are depicted in
Figures 5.20a and 5.20b. Evidently, the ABS bar undergoes fracture, whereas the TPU bar
exhibits ductile behavior, a phenomenon that was anticipated based on the findings of the
literature review. The load-displacement curves for the bars were averaged and subsequently
transformed into stress-strain curves. This graph was then used to derive the parameters
characterizing the plastic behavior.

(a) Load-displacement curves for the tested ABS bars.

(b) Load-displacement curves for the tested TPU bars.

Figure 5.20: Load-displacement curves for the tested ABS and TPU bars (axes are not similar).
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5.7. Summary samples
Table 5.6 presents a comprehensive overview of the samples casted and tested in the study. A
total of 13 distinct design types were manufactured, with each design type represented by four
individual samples. The reinforcing materials utilized in this study were ABS and TPU, with
all samples containing PE fibers. Furthermore, the table below provides detailed information
on the different design types, including their corresponding reinforcing material and phases.
The desired sample lengths are specified in Table A.1, while the actual dimensions of the cut
samples can be found in Tables A.2 and A.3 of Appendix A. The results of the experimental
study are presented in the next chapter.

Design type Angle [°] Material reinforcement Phase
R - - -
A 63 ABS 1
A 63 TPU 1
C 90 ABS 1
C 90 TPU 1
D 117 ABS 1
D 117 TPU 1
Cadj 90 ABS 2
Cadj 90 TPU 2
Dadj 117 ABS 2
Dadj 117 TPU 2
Cmod 90 ABS 3
Cmod 90 TPU 3

Table 5.6: Summary of the tested samples.
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Discussion

The numerical study focused mainly on the reinforcement, whereas the experimental study
aimed to assess the performance of the composites. This chapter specifically delved into the
behavior of the tested samples under uniaxial tensile tests. The findings obtained from these
tests have been thoroughly documented and analyzed within this chapter.
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6.1. Overview Experimental study
The objective of the experimental study was to compare the reference samples (without 3D
printed reinforcement) with the reinforced samples, as well as to compare the performance
of different printing materials (ABS and TPU) and various designs in relation to each other.
This comparison was achieved through an analysis of the stress-strain response, focusing
on extracting parameters such as strength, strain capacity, and total work of the samples.
By quantitatively evaluating these parameters, a comprehensive understanding of the relative
performance and characteristics of the different samples, materials, and designs was obtained.

During the uniaxial tensile tests, force-displacement curves were recorded for each tested
sample. These curves were subsequently converted into stress-strain curves and analyzed.
The resulting stress-strain curves were displayed for all samples, providing a comprehensive
overview of their mechanical behavior. Key parameters such as the first cracking strength,
tensile strength, strain capacity, and total work were determined for each specimen and com-
piled in a tabulated format. The total work was calculated at a strain of 0.02, allowing for
comparative analysis across the different samples.

For each design type, one representative sample was selected for further analysis us-
ing DIC. A stress-strain curve was created for this chosen design, which was then compared
with the stress-strain curves of the reference samples, indicated by different shades of gray.
Additionally, the crack formation pattern of the chosen sample was visualized, and the corre-
sponding stress-strain curve was plotted with specific data points corresponding to the crack
formation stages. A table was included, listing the time, stress, and strain values at each data
point. Furthermore, the crack widths of the samples were quantified using DIC, providing ad-
ditional insights into the damage and deformation behavior of the specimens. A summary of
the results are presented in Chapter 6.12.

6.2. Results Reference
The reference specimen, reinforced only with PE fibers and lacking the 3D printed polymeric
materials, demonstrated a distinct multiple cracking behavior, as illustrated in Fig. 6.1. This
response aligns with the well-established characteristics of ECC. The occurrence of multiple
cracks is consistent with the expected behavior of ECC materials, indicating their ability to
redistribute stresses and enhance energy absorption through crack formation and propaga-
tion. However, it is important to note that some samples exhibited strain softening behavior,
indicating that they could not withstand additional stresses beyond the initial crack formation.

Figure 6.1: Stress-strain curves reference samples.
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Table 6.1 presents the initial cracking strength, maximum strength, strain capacity, and total
work values for each reference sample that underwent testing. For sample R1, the stress-
strain curve is shown in Fig. 6.2, with the crack formation pattern indicated alongside. The
various stages observed in the stress-strain curve (Fig. 6.2a) are detailed in Table 6.2, which
provides information on the time, stress, and strain at each stage. These results offer valuable
insights into the behavior and performance of the reference samples during the testing pro-
cess. The crack formation pattern displayed only a few cracks in relation to the stress-strain
curve. Fig. 6.3 displays the location of the cracks alongside the crack width curve. This Fig-
ure depicts the crack initiation sequence, showing that crack 1 appeared first, followed by the
formation of crack 2. Notably, the crack width of crack 1 reached a stable value of 0.14 mm.
As the test progressed, crack 2 continued to grow until the end of the test.

R1 R2 R3 R4
First cracking strength [N/mm2] 1.747 3.164 3.363 2.608
Max tensile strength [N/mm2] 3.033 3.164 3.363 2.608

Strain capacity [%] 0.081 0.0181 0.0183 0.0166
Total work [J] 1.664 1.329 1.630 2.356

Table 6.1: Test results reference samples

(a) Stress-strain curve sample R1 with data points. (b) Crack formation pattern.

Figure 6.2: Stress-strain curve and crack formation pattern for sample R1.

Stage Time [s] Stress [N/mm2] Strain [-]
1 24 1.47 0.000182
2 60 2.28 0.00119
3 84 2.98 0.00254
4 102 2.67 0.00371
5 150 2.64 0.00676

Table 6.2: Stress and strain corresponding to the different stages.
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(a) Location of cracks (b) Crack width against measured displacement.

Figure 6.3: Crack location alongside the crack width curve for sample R1.
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6.3. Results Phase 1 ABS
This section presents the results obtained during the first phase of the study focusing on the
material ABS. Figures 6.4, 6.8, and 6.12 depict the stress-strain behavior of samples A, C,
and D, respectively. Similar to the reference samples, these samples showed strain softening
characteristics. However, the reinforced samples showed a characteristic multiple cracking
behavior. An important observation from the results was that the strength of the reinforced
samples was lower compared to that of the reference samples.

6.3.1. Design A
Fig. 6.4 illustrates the stress-strain behavior of the samples reinforcedwith design A, the bowtie
configuration. The experimental outcomes, encompassing the initial cracking strength, maxi-
mum tensile strength, strain capacity, and total work for each tested specimen, are presented
in Table 6.3. For a more detailed investigation, sample A1 was selected. Fig. 6.5 illustrates the
stress-strain curve of sample A1 in comparison to the reference samples. The graph reveals
that the strength of the reinforced sample was lower than the reference sample. Furthermore,
Fig. 6.6 demonstrates the stress-strain curve for sample A1, alongside an indication of the
pattern of crack formation. The stages identified in the stress-strain curve (Fig.6.6a) are elab-
orated upon in Table 6.4, offering specific insights into the timing, stress levels, and strains at
each stage. Fig. 6.7 presents the cracks observed in the sample, accompanied by a graph
that plots the crack width against the measured displacement.

Figure 6.4: Stress-strain curves design A.

Sample A1 Sample A2 Sample A3 Sample A4
First cracking strength [N/mm2] 1.833 1.825 1.565 1.650
Max tensile strength [N/mm2] 1.833 1.825 1.636 1.740

Strain capacity [%] 0.0187 0.0433 0.179 0.286
Total work [J] 0.978 0.747 0.800 0.895

Table 6.3: Test results for samples with design A.
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Figure 6.5: Stress-strain curves sample A1 against reference samples.

(a) Stress-strain curve sample A1 with data points. (b) Crack formation pattern.

Figure 6.6: Stress-strain curve and crack formation pattern for sample A1.

Stage Time [s] Stress [N/mm2] Strain [-]
1 60 1.33 0.000689
2 78 1.26 0.00190
3 96 1.46 0.00309
4 132 1.45 0.00553
5 198 1.33 0.0100
6 258 1.21 0.0141
7 312 1.12 0.0177

Table 6.4: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.7: Crack location alongside the crack width curve for sample A1.
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6.3.2. Design C
Fig. 6.8 presents the stress-strain characteristics of the samples. Table 6.5 summarizes the
testing results for each sample reinforced with the rectangular design, including values for
initial cracking strength, maximum strength, strain capacity, and total work. Sample C4 was
chosen for further analysis. Fig. 6.9 displays the stress-strain curve for sample C4 in com-
parison to the reference samples. It can be observed from the Figure that the strength of the
reinforced sample is lower than that of the reference sample. Additionally, Fig. 6.10 exhibits
the stress-strain curve with the corresponding crack formation pattern indicated. The distinct
stages observed in the stress-strain curve (Fig. 6.10a) are further detailed in Table 6.6, provid-
ing specific information on the time, stress, and strain at each stage. The cracks of the sample
are shown in Fig. 6.11 which also includes a graph that represents the crack width against the
measured displacement.

Figure 6.8: Stress-strain curves design C.

Sample C1 Sample C2 Sample C3 Sample C4
First cracking strength [N/mm2] 1.867 0.812 2.119 2.19
Max tensile strength [N/mm2] 1.867 1.367 2.119 2.19

Strain capacity [%] 0.0420 0.266 0.0115 0.00951
Total work [J] 0.939 0.718 1.193 0.906

Table 6.5: Test results for samples with design C.
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Figure 6.9: Stress-strain curves sample C4 against reference samples.

(a) Stress-strain curve sample C4 with data points.(b) Crack formation pattern.

Figure 6.10: Stress-strain curve and crack formation pattern for sample C4.

Stage Time [s] Stress [N/mm2] Strain [-]
1 18 1.61 0.000607
2 36 1.58 0.00176
3 54 1.34 0.00293
4 72 1.46 0.00409
5 126 1.43 0.00765
6 168 1.48 0.0104

Table 6.6: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.11: Crack location alongside the crack width curve for sample C4.
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6.3.3. Design D
Fig. 6.12 displays the stress-strain behavior of the samples reinforced with design D, the hon-
eycomb configuration. The experimental results for each tested specimen, are presented in
Table 6.7. For a more comprehensive investigation, the focus was placed on sample D3.
Fig. 6.5 illustrates the stress-strain curve of sample D3 in comparison to the reference sam-
ples. The plot effectively highlights that the strength of the reference sample surpassed that
of the reinforced sample. Furthermore, Fig. 6.13 presents the stress-strain curve for sample
D3, accompanied by the crack formation pattern. The distinct stages showcased in Fig.6.14a)
are elaborated upon in Table 6.8, offering detailed information on the timing, stress levels, and
strains at each stage. Additionally, Fig. 6.18 exhibits the detected cracks within the specimen,
accompanied by a graphical representation plotting the crack width against the measured dis-
placement. As can be seen in Fig. 6.17, cracks 1 and 2 initially showed a negative crack
width.

Figure 6.12: Stress-strain curves design D.

Sample D1 Sample D2 Sample D3 Sample D4
First cracking strength [N/mm2] 2.526 1.303 0.813 1.590
Max tensile strength [N/mm2] 2.526 1.526 1.675 1.877

Strain capacity [%] 0.0221 0.363 0.359 0.200
Total work [J] 0.985 0.978 0.813 0.896

Table 6.7: Test results for samples with design D.
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Figure 6.13: Stress-strain curves sample D3 against reference samples.

(a) Stress-strain curve sample D3 with data points.(b) Crack formation pattern.

Figure 6.14: Stress-strain curve and crack formation pattern for sample D3.

Stage Time [s] Stress [N/mm2] Strain [-]
1 60 1.462 0.00145
2 78 1.468 0.00245
3 108 1.535 0.00413
4 126 1.419 0.00536
5 150 1.375 0.00690
6 174 1.316 0.00841
7 234 0.982 0.0123

Table 6.8: Stress and strain corresponding to the different stages.
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Figure 6.15: Location of cracks.

Figure 6.16: Crack width against measured displace-
ment.

Figure 6.17: Crack width against measured displace-
ment without crack 3.

Figure 6.18: Crack location alongside the crack width curve for sample D3.
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6.4. Results Phase 1 TPU
In this section, the results from the first phase of the study, specifically focusing on the mate-
rial TPU, are presented. Figures 6.19, 6.23, and 6.27 illustrate the stress-strain behavior of
samples A, C, and D, respectively, all of which clearly also exhibit strain softening character-
istics. Yet, the reinforced samples demonstrated a characteristic multiple cracking behavior.
Similar to the ABS reinforced samples, the strength of the reinforced samples was lower than
the reference samples for the TPU reinforced samples.

6.4.1. Design A
Fig. 6.19 illustrates the stress-strain behavior of the samples reinforced with design A, the
bowtie configuration. The experimental results are presented in Table 6.9, which include the
initial cracking strength, maximum tensile strength, strain capacity, and total work for each
tested specimen. For a more detailed investigation, sample A2 was selected. Fig. 6.20 il-
lustrates the stress-strain curve of sample A2 in comparison to the reference samples. The
graph reveals that the strength of the reinforced sample was lower than the reference sam-
ple. Furthermore, Fig. 6.21 demonstrates the stress-strain curve for sample A2, alongside an
indication of the pattern of crack formation. The stages identified in the stress-strain curve
(Fig.6.21a) are elaborated upon in Table 6.10, offering specific insights into the timing, stress
levels, and strains at each stage. Fig. 6.22 presents the cracks observed in the sample, ac-
companied by a graph that plots the crack width against the measured displacement.

Figure 6.19: Stress-strain curves design A.

Sample A1 Sample A2 Sample A3 Sample A4
First cracking strength [N/mm2] 1.755 1.118 1.528 1.749
Max tensile strength [N/mm2] 1.755 1.418 1.627 1.749

Strain capacity [%] 0.00942 0.224 0.793 0.0100
Total work [J] 1.073 0.819 1.343 0.937

Table 6.9: Test results for samples with design A.
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Figure 6.20: Stress-strain curves sample A2 against reference samples.

(a) Stress-strain curve sample A2 with data points. (b) Crack formation pattern.

Figure 6.21: Stress-strain curve and crack formation pattern for sample A2.

Stage Time [s] Stress [N/mm2] Strain [-]
1 24 0.92 0.000385
2 42 1.26 0.00161
3 72 1.20 0.00377
4 96 1.33 0.00550
5 198 1.14 0.0126

Table 6.10: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.22: Crack location alongside the crack width curve for sample A2.
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6.4.2. Design C
Fig. 6.23 presents the stress-strain characteristics of the samples. Table 6.11 summarizes
the testing results for each sample reinforced with the rectangular design, including values
for initial cracking strength, maximum strength, strain capacity, and total work. Sample C1
was chosen for further analysis. Fig. 6.24 displays the stress-strain curve for sample C1 in
comparison to the reference samples. It can be observed from the Figure that the strength
of the reinforced sample is lower than that of the reference sample. Additionally, Fig. 6.25
exhibits the stress-strain curve with the corresponding crack formation pattern indicated. The
distinct stages observed in the stress-strain curve (Fig. 6.25a) are further detailed in Table 6.12,
providing specific information on the time, stress, and strain at each stage. The cracks of the
sample are shown in Fig. 6.26 which also includes a graph that represents the crack width
against the measured displacement.

Figure 6.23: Stress-strain curves design C.

Sample C1 Sample C2 Sample C3 Sample C4
First cracking strength [N/mm2] 1.869 1.897 1.871 1.437
Max tensile strength [N/mm2] 2.016 1.897 2.180 1.437

Strain capacity [%] 0.493 0.0207 0.245 0.0128
Total work [J] 2.110 1.566 2.293 1.088

Table 6.11: Test results for samples with design C
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Figure 6.24: Stress-strain curves sample C1 against reference samples.

(a) Stress-strain curve sample C1 with data points. (b) Crack formation pattern.

Figure 6.25: Stress-strain curve and crack formation pattern for sample C1.

Stage Time [s] Stress [N/mm2] Strain [-]
1 30 1.69 0.000994
2 42 1.31 0.001823
3 90 2.02 0.00493
4 114 1.94 0.00653
5 132 1.64 0.00775

Table 6.12: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.26: Crack location alongside the crack width curve for sample C1.
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6.4.3. Design D
Fig. 6.27 displays the stress-strain behavior of the samples reinforced with design D, the hon-
eycomb configuration. The experimental results for each tested specimen, are presented in
Table 6.13. For a more comprehensive investigation, the focus was placed on sample D4.
Fig. 6.28 illustrates the stress-strain curve of sample D4 in comparison to the reference sam-
ples. The plot effectively highlights that the strength of the reference sample surpassed that of
the reinforced sample. Furthermore, Fig. 6.29 presents the stress-strain curve for sample D4,
accompanied by the crack formation pattern. The distinct stages showcased in Fig.6.29a) are
elaborated upon in Table 6.14, offering detailed information on the timing, stress levels, and
strains at each stage. Additionally, Fig. 6.30 exhibits the detected cracks within the specimen,
accompanied by a graphical representation plotting the crack width against the measured dis-
placement. As can be seen in Fig. 6.30b, cracks 2 initiated first, followed by crack 3 and finally
crack 1. In contrast to the ABS reinforcement, no negative crack widths were present.

Figure 6.27: Stress-strain curves design D.

Sample D1 Sample D2 Sample D3 Sample D4
First cracking strength [N/mm2] 1.661 2.227 2.081 1.208
Max tensile strength [N/mm2] 1.661 2.416 2.081 1.345

Strain capacity [%] 0.0252 0.274 0.0183 0.797
Total work [J] 1.235 1.580 1.507 0.994

Table 6.13: Test results for samples with design D.
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Figure 6.28: Stress-strain curves sample D4 against reference samples.

(a) Stress-strain curve sample D4 with data points.(b) Crack formation pattern.

Figure 6.29: Stress-strain curve and crack formation pattern for sample D4.

Stage Time [s] Stress [N/mm2] Strain [-]
1 30 0.975 0.000867
2 42 1.203 0.00160
3 54 1.258 0.00236
4 78 1.189 0.00391
5 102 1.293 0.00543
6 138 1.336 0.00773

Table 6.14: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.30: Crack location alongside the crack width curve for sample D4.
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6.5. Analysis and discussing phase 1
Table 6.15 presents the averaged values of the parameters strength, strain capacity, and
work for the four samples tested per design, along with their respective standard deviations.
Fig. 6.31a displays the strength of the samples with the standard deviation indicated, allowing
for a clear comparison between different designs. Similarly, Fig. 6.31b illustrates the strain ca-
pacity of the reinforced samples in comparison to the reference samples, providing valuable
insights into the behavior of the material. Finally, Fig. 6.31c shows the total work required for
each design, illustrating the capacities of the samples for dissipating energy. These compre-
hensive visualizations allow for a thorough understanding and assessment of the performance
of the modified designs throughout the study.

Design First cracking strength Max tensile strength Strain capacity Total work
(Reinforcing (Standard deviation) (Standard deviation) (Standard deviation) (Standard
material) [N/mm2] [N/mm2] [%] deviation) [J]
R (-) 2.721 (0.723) 3.042 (0.320) 0.0335 (0.032) 1.745 (0.434)

A (ABS) 1.718 (0.133) 1.759 (0.092) 0.132 (0.125) 0.855 (0.102)
C (ABS) 1.747 (0.639) 1.886 (0.373) 0.082 (0.123) 0.939 (0.196)
D (ABS) 1.558 (0.721) 1.901 (0.441) 0.236 (0.162) 0.918 (0.081)
A (TPU) 1.538 (0.299) 1.637 (0.158) 0.259 (0.370) 1.043 (0.225)
C (TPU) 1.769 (0.221) 1.882 (0.319) 0.193 (0.227) 1.764 (0.546)
D (TPU) 1.794 (0.459 ) 1.876 (0.470) 0.279 (0.365) 1.329 (0.268)

Table 6.15: Test results phase 1.

As shown in Fig. 6.31a, the strength of the reference samples was observed to be higher than
that of the reinforced specimens. This disparity in strength could be attributed to complications
that arose during the casting process, such as bleeding and segregation. These factors might
have influenced the overall structural integrity and homogeneity of the reinforced specimens,
leading to a reduction in their strength compared to the reference samples. Further investiga-
tions and optimization of the casting process are necessary to address these challenges and
improve the strength of the reinforced specimens.

Upon analyzing the averaged cracking strength and tensile strength, as depicted in Fig. 6.31a,
a noteworthy observation is that the maximum tensile strength surpassed the initial cracking
strength, indicative of strain hardening behavior. This behavior implies that the samples ex-
hibited an increase in strength even after the occurrence of initial cracking. Furthermore, when
comparing the maximum strength of the different designs, it becomes evident that the non-
auxetic designs displayed a higher maximum strength than the auxetic ones for both materials.
This distinction in maximum strength highlights the influence of design geometry on the overall
mechanical performance of the specimens. The non-auxetic designs demonstrated greater
strength under tensile loading, which could be attributed to their inherent structural rigidity
compared to the auxetic designs. However, it is worth mentioning that the auxetic design had
the largest volume compared to the non-auxetic ones.

In the comparison of design A for both materials, it was evident that the ABS reinforced
material exhibited a slightly higher maximum strength than TPU. However, this difference was
not significant, suggesting that design A was less influenced by the material properties for this
phase. Similarly, when examining design C and design D for both materials, both exhibited
similar maximum strength values. This indicates that themechanical behavior of these designs
was less sensitive to the material used as well.
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(a) Strength samples.

(b) Strain capacity.

(c) Total work.

Figure 6.31: Results phase 1.

Analyzing the strain capacity, as illustrated in Fig. 6.31b, both materials demonstrated a sig-
nificantly higher strain capacity in comparison to the reference sample. A clear distinction can
be observed when comparing the strain capacity of TPU and ABS within these samples, with
TPU outperforming ABS in terms of strain capacity. This observation aligns with findings in
the literature, where TPU is known for its enhanced ductile behavior compared to ABS. Addi-
tionally, when comparing the different shapes, it becomes evident that the honeycomb design
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exhibits the highest strain capacity, followed by the re-entrant design, and finally the rectan-
gular design. However, it is important to note that a large standard deviation was observed,
suggesting some variability in the results. Consequently, further investigation and in-depth
analysis are warranted to gain a comprehensive understanding of the factors contributing to
this variability and to ensure the reliability of the findings.

In the Figures displaying the location of the cracks, a notable observation is the increased
formation of cracks compared to the reference sample. The presence of a greater number of
cracks in the material is indicative of its improved fracture behavior. This enhanced cracking
behavior is a desirable characteristic in certain engineering applications, as it enhances the
ability of the material to withstand and absorb external loads. In the case of the honeycomb de-
sign for the ABS reinforced material, an interesting phenomenon was observed where certain
crack widths exhibited negative values (Fig. 6.17), indicating crack closure during the ten-
sile testing process. This behavior was not observed in the TPU material for the honeycomb
design.

In Fig. 6.31c, it is evident that the reference sample exhibited the highest total work con-
ducted. Among the TPU material samples, design C showed comparable work, followed by
design D. Conversely, all other samples displayed approximately half of the total work com-
pared to the reference sample. In terms of energy absorption, the results indicate that the
reference sample, which was the unreinforced specimen, had the highest capacity to absorb
energy among all the tested samples. This implies that the addition of reinforcement materi-
als, such as TPU or ABS, led to a reduction in the overall energy absorption capability of the
specimens. However, the reason for this phenomenon lies in the substantially greater strength
of the reference specimen compared to the reinforced samples. Consequently, a larger area
under the force-displacement curve was enclosed by the reference sample, leading to a cor-
respondingly higher total work.
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6.6. Results Phase 2 ABS
This section presents the results obtained during the second phase of the study focusing on
the material ABS. Figures 6.32, and 6.36 depict the stress-strain behavior of samples C and
D, respectively. Similar to phase 1, the strength of the reference samples were higher than
the reinforced samples with the 3D printed meshes.

6.6.1. Design Cadj
Fig. 6.32 illustrates the stress-strain characteristics of the samples. Table 6.16 summarizes
the testing results for each sample reinforced with the rectangular design, including values for
initial cracking strength, maximum strength, strain capacity, and total work. Sample C3,adj was
chosen for further analysis. Fig. 6.33 displays the stress-strain curve for sample Sample C3,adj
in comparison to the reference samples. It can be observed from the Figure that the strength
of the reinforced sample is lower than that of the reference sample. Additionally, Fig. 6.34
exhibits the stress-strain curve with the corresponding crack formation pattern indicated. The
distinct stages observed in the stress-strain curve (Fig. 6.34a) are further detailed in Table 6.17,
providing specific information on the time, stress, and strain at each stage. The cracks of the
sample are shown in Fig. 6.35 which also includes a graph that represents the crack width
against the measured displacement.

Figure 6.32: Stress-strain curves design Cadj.

Sample C1,adj Sample C2,adj Sample C3,adj Sample C4,adj
First cracking strength [N/mm2] 2.219 1.542 1.750 1.438
Max tensile strength [N/mm2] 2.219 1.542 2.141 1.895

Strain capacity [%] 0.0149 0.110 0.112 0.126
Total work [J] 1.328 0.817 1.200 0.820

Table 6.16: Test results for samples with design Cadj.



6.6. Results Phase 2 ABS 107

Figure 6.33: Stress-strain curves sample C3,adj against reference samples.

(a) Stress-strain curve sample C3,adj with data
points. (b) Crack formation pattern.

Figure 6.34: Stress-strain curve and crack formation pattern for sample C3,adj.

Stage Time [s] Stress [N/mm2] Strain [-]
1 48 2.092 0.000866
2 60 2.012 0.00149
3 78 1.947 0.00260
4 96 1.769 0.00389
5 138 1.776 0.00645
6 174 1.525 0.00896

Table 6.17: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.35: Crack location alongside the crack width curve for sample C3,adj.
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6.6.2. Design Dadj
Fig. 6.36 displays the stress-strain behavior of the samples reinforced with design D, the hon-
eycomb configuration. The experimental results for each tested specimen, are presented in
Table 6.18. For a more comprehensive investigation, the focus was placed on sample D4,adj.
Fig. 6.37 illustrates the stress-strain curve of sample D4,adj in comparison to the reference
samples. The plot effectively highlights that the strength of the reference sample surpassed
that of the reinforced sample. Furthermore, Fig. 6.38 presents the stress-strain curve for sam-
ple D4,adj, accompanied by the crack formation pattern. The distinct stages showcased in
Fig.6.38a) are elaborated upon in Table 6.19, offering detailed information on the timing, stress
levels, and strains at each stage. Additionally, Fig. 6.39 exhibits the detected cracks within
the specimen, accompanied by a graphical representation plotting the crack width against the
measured displacement. As illustrated in Fig. 6.39b, negative crack widths were observed in
some cracks, similar to the phase 1 behavior observed in the ABS reinforced sample with the
honeycomb configuration.

Figure 6.36: Stress-strain curves Design Dadj.

Sample D1,adj Sample D2,adj Sample D3,adj Sample D4,adj
First cracking strength [N/mm2] 0.946 2.289 1.199 1.185
Max tensile strength [N/mm2] 1.567 2.289 2.145 2.597

Strain capacity [%] 0.209 0.0302 0.158 0.421
Total work [J] 0.870 1.378 1.505 2.127

Table 6.18: Test results for samples with design Dadj.
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Figure 6.37: Stress-strain curves sample D4,adj against reference samples.

(a) Stress-strain curve sample D4,adj with data
points. (b) Crack formation pattern.

Figure 6.38: Stress-strain curve and crack formation pattern for sample D4,adj.

Stage Time [s] Stress [N/mm2] Strain [-]
1 54 2.104 0.00111
2 72 2.406 0.00215
3 102 2.549 0.00396
4 138 2.398 0.00618
5 180 2.503 0.00878
6 216 2.451 0.0110
7 282 2.289 0.0152

Table 6.19: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.39: Crack location alongside the crack width curve for sample D4,adj.
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6.7. Results Phase 2 TPU
In this section, the results from the first phase of the study, specifically focusing on the material
TPU, are presented. Figures 6.40, and 6.44 illustrate the stress-strain behavior of samples C
and D, respectively, all of which clearly also exhibit strain softening characteristics.

6.7.1. Design Cadj
Presented in Fig. 6.40 are the stress-strain curves of the samples. Table 6.20 summarizes
the testing results for each sample reinforced with the rectangular design, including values
for initial cracking strength, maximum strength, strain capacity, and total work. Sample C3,adj
was chosen for further analysis. Fig. 6.41 displays the stress-strain curve for sample C3,adj in
comparison to the reference samples. It can be observed from the Figure that the strength
of the reinforced sample is lower than that of the reference sample. Additionally, Fig. 6.42
exhibits the stress-strain curve with the corresponding crack formation pattern indicated. The
distinct stages observed in the stress-strain curve (Fig. 6.42a) are further detailed in Table 6.21,
providing specific information on the time, stress, and strain at each stage. The cracks of the
sample are shown in Fig. 6.43 which also includes a graph that represents the crack width
against the measured displacement.

Figure 6.40: Stress-strain curves Design Cadj.

Sample C1,adj Sample C2,adj Sample C3,adj Sample C4,adj
First cracking strength [N/mm2] 1.199 0.994 1.385 1.169
Max tensile strength [N/mm2] 1.802 1.462 1.666 1.169

Strain capacity [%] 0.733 0.359 0.722 0.00861
Total work [J] 1.238 0.861 1.167 0.855

Table 6.20: Test results for samples with design Cadj.
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Figure 6.41: Stress-strain curves sample C3,adj against reference samples.

(a) Stress-strain curve sample C3,adj with data points. (b) Crack formation pattern.

Figure 6.42: Stress-strain curve and crack formation pattern for sample C3,adj.

Stage Time [s] Stress [N/mm2] Strain [-]
1 36 1.543 0.00095
2 66 1.581 0.00282
3 96 1.590 0.0048
4 126 1.648 0.00662
5 174 1.604 0.00966

Table 6.21: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.43: Crack location alongside the crack width curve for sample C3,adj.
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6.7.2. Design Dadj
Illustrated in Fig. 6.44 is the stress-strain behavior of specimens reinforced with design D,
utilizing the honeycomb configuration. The experimental results for each tested specimen,
are presented in Table 6.22. For a more comprehensive investigation, the focus was placed
on sample D3,adj. Fig. 6.45 illustrates the stress-strain curve of sample D3,adj in comparison
to the reference samples. The plot effectively highlights that the strength of the reference
sample surpassed that of the reinforced sample. Furthermore, Fig. 6.46 presents the stress-
strain curve for sample D3,adj, accompanied by the crack formation pattern. The distinct stages
showcased in Fig.6.46a) are elaborated upon in Table 6.23, offering detailed information on the
timing, stress levels, and strains at each stage. Additionally, Fig. 6.47 exhibits the detected
cracks within the specimen, accompanied by a graphical representation plotting the crack
width against the measured displacement.

Figure 6.44: Stress-strain curves Design Dadj.

Sample D1,adj Sample D2,adj Sample D3,adj Sample D4,adj
First cracking strength [N/mm2] 1.611 1.064 1.550 1.578
Max tensile strength [N/mm2] 1.819 1.064 1.691 1.578

Strain capacity [%] 0.567 0.0353 0.0454 0.0103
Total work [J] 1.486 0.564 1.249 0.807

Table 6.22: Test results for samples with design Dadj.
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Figure 6.45: Stress-strain curves sample D against reference samples.

(a) Stress-strain curve sample D3,adj with data points. (b) Crack formation pattern.

Figure 6.46: Stress-strain curve and crack formation pattern for sample D3,adj.

Stage Time [s] Stress [N/mm2] Strain [-]
1 54 1.691 0.000454
2 114 1.371 0.00432
3 144 1.511 0.00610
4 192 1.384 0.00913
5 240 1.550 0.0121

Table 6.23: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.47: Crack location alongside the crack width curve for sample D3,adj.
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6.8. Analysis and discussing phase 2
Table 6.24 provides a comprehensive overview of the average values and standard devia-
tions of strength, strain capacity, and work for the four samples tested per design in phase
2. Fig 6.48a presents the strength data for the samples along with their respective standard
deviations. This allows for a clear assessment of the variations between different designs
and phases. Additionally, Fig 6.48b visually illustrates the strain capacity of the reinforced
samples in comparison to the reference samples. Finally, Fig 6.48c showcases the total work
required for each design, providing valuable insights into the energy absorption capabilities of
the materials.

Design First cracking strength Max tensile strength Strain capacity Total work
(Reinforcing (Standard deviation) (Standard deviation) (Standard deviation) (Standard
material) [N/mm2] [N/mm2] [%] deviation) [J]
R (-) 2.721 (0.723) 3.042 (0.320) 0.0335 (0.032) 1.745 (0.434)

Cadj (ABS) 1.733 (0.35) 1.945(0.313) 0.091(0.051) 1.041 (0.262)
Dadj (ABS) 1.405 (0.601) 2.15(0.432) 0.205(0.163) 1.47 (0.517)
Cadj (TPU) 1.187 (0.16) 1.525(0.275) 0.456(0.345) 1.031 (0.202)
Dadj (TPU) 1.451 (0.259) 1.538(0.331) 0.165(0.269) 1.027 (0.417)

Table 6.24: Test results phase 2.

During this phase, a notable trend was observed where the reference samples displayed
higher strength values in comparison to the reinforced ones. It was also observed that for all
the reinforced samples, the maximum tensile strength exceeded the initial cracking strength,
indicating strain hardening behavior. A comparison between the two materials revealed that
ABS exhibited a higher maximum strength than the TPU reinforced samples, aligning with find-
ings from the literature study, which also highlighted the higher load-bearing capacity of ABS
over TPU. This difference in strength can be attributed to the inherent mechanical properties
and material composition of ABS, which enables it to withstand higher forces and stresses
compared to TPU. The results highlight the significance of material selection and design opti-
mization to achieve desired mechanical performance in specific applications.

Upon analyzing the strain capacity, as depicted in Fig. 6.48b, both TPU and ABS materials
exhibited significantly higher strain capacity compared to the reference sample. Notably, when
comparing the strain capacity of TPU and ABS within these samples, TPU demonstrated su-
perior performance in terms of strain capacity for Design C. However, for Design D, the strain
capacity of the ABS reinforced material was slightly higher, although the difference was not
substantial. It is worth mentioning that the standard deviation for this phase was quite large,
indicating some variability in the results. These observations align well with findings from the
literature, where TPU is known for its superior ductile behavior when compared to ABS.

During this phase, the honeycomb design for the ABS reinforced material displayed a sim-
ilar phenomenon to the first phase. As illustrated in Fig. 6.39b, certain crack widths exhibited
negative values, indicating crack closure during the tensile testing process. However, this
behavior was not observed in the TPU material for the honeycomb design.

In Fig. 6.48c, the data clearly demonstrates that the reference sample displayed the high-
est total work conducted. Among the ABS material samples, Design D exhibited the highest
work, followed by Design C. Conversely, for the TPU material, both designs showed com-
parable work. Regarding energy absorption, the findings suggest that the reference sample
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(a) Strength samples.

(b) Strain capacity.

(c) Total work.

Figure 6.48: Results phase 2.

exhibited the highest capacity to absorb energy among all the tested samples. This indicates
that the addition of reinforcing elements, such as 3D printed polymeric materials, did not im-
prove the energy absorption capability for this phase either. However, reflecting back on the
trend observed in the previous phase, the strength once again proved considerably higher for
the reference sample in comparison to the reinforced samples, thus resulting in the highest
total work.
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6.8.1. Comparison phase 1 and 2
When evaluating the strength of the ABS material for Design A, Cadj, and Dadj (Fig. 6.49), the
honeycomb design demonstrated the highest maximum strength, followed by the rectangular
one, and finally the re-entrant design. In contrast, for the TPUmaterial, the trend was reversed,
with Design A exhibiting the largest strength, and the non-auxetic designs displaying lower
strength, albeit not significantly lower.

(a) Phase 1

(b) Phase 2

Figure 6.49: Strength comparison phase 1 and 2

For the rectangular designs, Design C and Cadj of the ABS material, an increase in volume did
not lead to an increase in maximum strength. Conversely, for the TPU material, an increase
in volume resulted in a decrease of the maximum strength. When evaluating the strength of
Design D for the ABS reinforced sample, Design Dadj exhibited a larger strength; however, for
TPU, the situation was reversed, with Design D showing higher strength compared to Dadj.

When comparing the strain capacity of Design A, Cadj, and Dadj for the ABS material
(Fig. 6.50), the honeycomb design exhibited the largest strain, followed by the re-entrant de-
sign, and finally the rectangular one. In contrast, for the TPU material, Design Cadj displayed
the largest strain capacity, followed by the re-entrant design, and finally the honeycomb. No-
tably, these designs had the same volume in comparison to each other.

Considering the rectangular designs for the ABS reinforced samples, Design C and Cadj,
no significant change in the value of the strain capacity was observed (Figures 6.50. However,
for the TPUmaterial, an increase in volume resulted in an increase in strain capacity. Similarly,
when comparing Design D and Dadj for the ABS material, Design D exhibited a slightly larger
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strain capacity, although the difference was not substantial. On the other hand, for the TPU
material, Design D with the smaller volume displayed a larger strain capacity.

(a) Phase 1

(b) Phase 2

Figure 6.50: Strain capacity comparison phase 1 and 2
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6.9. Results Phase 3 ABS
The results obtained during the third phase of this study focusing on the material ABS are
presented in this section. The reinforcement was made larger to make it easier for the fibers
to pass through. Fig. 6.51 displays the stress-strain behavior of tested samples, all of which
clearly also exhibit strain softening characteristics. Despite the enlargement of the reinforce-
ment, the strength of the reference samples continued to surpass that of the reinforced sam-
ples.

6.9.1. Design Cmod
The stress-strain curves of the tested samples are illustrated in Fig. 6.51. Table 6.25 sum-
marizes the testing results for each sample reinforced with the enlarged rectangular design,
including values for initial cracking strength, maximum strength, strain capacity, and total work.
Sample C2,mod was chosen for further analysis. Fig. 6.52 displays the stress-strain curve for
sample C2,mod in comparison to the reference samples. It can be observed from the Figure that
the strength of the reinforced sample is lower than that of the reference sample. Additionally,
Fig. 6.53 exhibits the stress-strain curve with the corresponding crack formation pattern indi-
cated. The distinct stages observed in the stress-strain curve (Fig. 6.53a) are further detailed
in Table 6.26, providing specific information on the time, stress, and strain at each stage. The
cracks of the sample are shown in Fig. 6.54 which also includes a graph that represents the
crack width against the measured displacement.

Figure 6.51: Stress-strain curves Design Cmod.

Sample C1,mod Sample C2,mod Sample C3,mod Sample C4,mod
First cracking strength [N/mm2] 0.703 1.271 1.264 1.067
Max tensile strength [N/mm2] 2.216 1.602 1.264 1.924

Strain capacity [%] 0.533 0.254 0.00814 0.948
Total work [J] 1.965 1.014 0.636 1.461

Table 6.25: Test results for samples with design Cmod.
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Figure 6.52: Stress-strain curves sample C2,mod against reference.

(a) Stress-strain curve sample C2,mod with data points. (b) Crack formation pattern.

Figure 6.53: Stress-strain curve and crack formation pattern for sample C2,mod.

Stage Time [s] Stress [N/mm2] Strain [-]
1 54 1.691 0.000454
2 114 1.371 0.00432
3 144 1.511 0.00610
4 192 1.384 0.00913
5 240 1.550 0.0121

Table 6.26: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.54: Crack location alongside the crack width curve for sample C2,mod.
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6.10. Results Phase 3 TPU
This section elaborates on the findings of the third phase, which focused on the TPU material.
Fig. 6.55 showcases the stress-strain behavior of the tested samples, all of which also demon-
strate strain-softening characteristics. Much like the ABS-reinforced specimens, the strength
of the reference samples continued to exceed that of the reinforced samples.

6.10.1. Design Cmod
Fig. 6.55 illustrates the stress-strain behavior of the samples reinforced with enlarged rectan-
gular configuration for the material TPU. The experimental results are presented in Table 6.27,
which include the initial cracking strength, maximum tensile strength, strain capacity, and to-
tal work for each tested specimen. For a more detailed investigation, sample C3,mod was
selected. Fig. 6.56 illustrates the stress-strain curve of sample C3,mod in comparison to the
reference samples. The graph reveals that the strength of the reinforced sample was lower
than the reference sample. Furthermore, Fig. 6.57 demonstrates the stress-strain curve for
sample C3,mod, alongside an indication of the pattern of crack formation. The stages identi-
fied in the stress-strain curve (Fig.6.57a) are elaborated upon in Table 6.28, offering specific
insights into the timing, stress levels, and strains at each stage. Fig. 6.58 presents the cracks
observed in the sample, accompanied by a graph that plots the crack width against the mea-
sured displacement.

Figure 6.55: Stress-strain curves Design Cmod.

Sample C1,mod Sample C2,mod Sample C3,mod Sample C4,mod
First cracking strength [N/mm2] 1.704 0.515 1.539 1.551
Max tensile strength [N/mm2] 1.704 0.739 1.539 1.551

Strain capacity [%] 0.014 0.313 0.0144 0.0180
Total work [J] 0.996 0.378 0.899 1.058

Table 6.27: Test results for samples with design Cmod.
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Figure 6.56: Stress-strain curves sample C3,mod against reference.

(a) Stress-strain curve sample C3,mod with data points. (b) Crack formation pattern.

Figure 6.57: Stress-strain curve and crack formation pattern for sample C3,mod.

Stage Time [s] Stress [N/mm2] Strain [-]
1 120 1.234 0.00461
2 132 1.168 0.00532
3 138 1.075 0.00573
4 150 1.145 0.00641
5 168 1.109 0.00746

Table 6.28: Stress and strain corresponding to the different stages.
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(a) Location of cracks. (b) Crack width against measured displacement.

Figure 6.58: Crack location alongside the crack width curve for sample C3,mod.
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6.11. Analysis and discussing phase 3
Table 6.29 presents the averaged values of the parameters strength, strain capacity, and work
for the four samples tested per design, along with their respective standard deviations for
phase 3. Fig 6.59a displays the strength of the samples with the standard deviation indicated,
allowing for a clear comparison between different designs and phases. Similarly, Fig 6.59b il-
lustrates the strain capacity of the reinforced samples in comparison to the reference samples.
Finally, Fig 6.59c shows the total work required for each design.

Design First cracking strength Max tensile strength Strain capacity Total work
(Reinforcing (Standard deviation) (Standard deviation) (Standard deviation) (Standard
material) [N/mm2] [N/mm2] [%] deviation) [J]
R (-) 2.721 (0.723) 3.042 (0.320) 0.0335 (0.032) 1.745 (0.434)

Cmod (ABS) 1.076 (0.266) 1.752 (0.41) 0.436 (0.403) 1.269 (0.573)
Cmod (TPU) 1.327 (0.547) 1.383 (0.436) 0.09 (0.149) 0.833 (0.31)

Table 6.29: Test results phase 3.

In phase 3, only a design with an angle of 90 degrees was tested for the modified samples.
Regarding the tension tests conducted on the modified specimens, both the ABS reinforced
and TPU reinforced samples exhibited strain softening behavior as illustrated in Figures 6.51
and 6.55. After the initial cracking of the ABS reinforced samples, they demonstrated the ability
to sustain increasing levels of stress, except when reaching failure. This strain hardening
behavior was observed across all modified samples reinforced with ABS, except for sample
C3,mod. Notably, the maximum tensile strength was typically observed after reaching the first
cracking strength. In contrast, the TPU reinforced samples showed a different response. While
some samples, such as sample C2,mod, were able to achieve higher stress levels than the initial
cracking stress, the overall trend indicated that the TPU reinforced samples were unable to
sustain increasing levels of stress beyond the initial crack. However, it is worth mentioning
that the TPU reinforced samples exhibited a higher initial cracking strength compared to the
ABS reinforced samples (Fig. 6.59a).

These observations clearly indicate different behaviors between the two reinforcing mate-
rials. The ABS reinforced samples demonstrated a more favorable response with sustained
stress increase after initial cracking, while the TPU reinforced samples showed limited ability
to sustain stress beyond the initial crack. This distinction highlights the significant influence
of the chosen reinforcing material on the mechanical behavior and performance of the speci-
mens. However, it should be noted that the strength of the reference samples remained higher
than that of the reinforced specimens as seen in Fig. 6.59a. This difference may be credited
to factors previously mentioned, such as bleeding and segregation.

Analyzing the strain capacity, as depicted in Fig. 6.59b, both materials exhibited a higher
strain capacity compared to the reference sample. Specifically, the ABS material demon-
strated a strain capacity approximately 13 times higher than the reference sample, while the
TPU material exhibited around 3 times higher strain capacity. When comparing the strain
capacity of the two materials within the modified samples, it is evident that the ABS material
outperforms TPU in terms of strain capacity.

Finally, when evaluating the total work conducted (Fig. 6.59c), it is evident that the refer-
ence sample exhibited the highest value, with the ABS material showing 0.75 times the work
of the reference sample and the TPU material showing 0.5 times the work. These findings
suggest that the addition of reinforcing elements, such as 3D printed polymeric materials, did
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not improve the energy absorption capability for this phase either. However, the standard
deviation was quite large.

(a) Strength samples.

(b) Strain capacity.

(c) Total work.

Figure 6.59: Results phase 3.
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6.11.1. Comparison phase 2 and 3
The results obtained from phase 2 of the experiment are discussed and compared with those
from phase 3. The volume of the modified samples remained constant with the adjusted
ones. Fig. 6.60 presents a comparison of the load-displacement curves between the adjusted
designs and the modified ones for the materials ABS, while Fig. 6.61 shows the corresponding
comparison for the material TPU. Fig. 6.62 presents a comparison between the two phases
concerning strength, strain capacity, and total work. The key distinction between the two
phases was the cell size of the reinforcement.

(a) Design Cadj

(b) Design Cmod

Figure 6.60: Stress-strain curves comparison phase 2 and 3 for material ABS.

When evaluating the tensile strength of the adjusted samples in comparison to the modified
samples for both ABS and TPU materials (see Fig. 6.62a), it is evident that the maximum
tensile strength for the adjusted samples was slightly higher, though the difference is not sig-
nificant. Turning to the strain capacity comparison (see Fig. 6.62b), it can be observed that
the modified sample exhibited a notably higher value than the adjusted sample for the ABS
material. However, for the TPU material, the trend was reversed, with the adjusted sample
displaying a higher strain capacity. It is worth noting that the standard deviation for the sam-
ples Cmod-TPU and Cmod-ABS was relatively high, indicating some variability in the results.
Further investigation and analysis are required to understand the factors contributing to this
variability. Finally, the comparison of the total work revealed that there was no significant
change in energy absorption due to a change in the cell size. The reference sample contin-
ued to exhibit the largest energy absorption capacity, indicating that altering the cell size did
not substantially impact the overall energy absorption capability.
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(a) Design Cadj

(b) Design Cmod

Figure 6.61: Stress-strain curves comparison phase 2 and 3 for material TPU.

6.12. Summary results and discussion samples
This section provides a summary of the results obtained from the different phases of the study.
The results clearly demonstrate that it is indeed possible to enhance the deformation capacity
of ECC by employing 3D printed auxetic and non-auxetic reinforcements. The 3D printed
reinforcement improved the ductility of conventional ECC.

An important finding from the results was that the reference samples exhibited a higher
strength compared to the samples with 3D reinforcement casted into them. This difference in
strength can be attributed to the occurrence of bleeding and segregation during the casting
process of the samples reinforced with the 3D printed meshes. In some cases, excessive air
voids were also present in the samples. Additionally, in the samples from phases 1 and 2, the
fibers did not uniformly pass through the reinforcement, leading to a non-uniform distribution
of fibers. Furthermore, the crack formation pattern exhibited fewer cracks than what was
illustrated in the stress-strain curves. This observation could be attributed to the limitations in
the resolution of the DIC software and the images captured.

The comparison between the two materials revealed that ABS demonstrated a higher max-
imum strength than the TPU reinforced samples, emphasizing the superior load-bearing ca-
pacity of ABS over TPU. This difference in strength can be attributed to the inherent mechanical
properties andmaterial composition of ABS, enabling it to withstand higher forces and stresses
in comparison to TPU. These results underscore the significance of material selection and de-
sign optimization to achieve desired mechanical performance for specific applications.

Additionally, a distinct difference was observed when comparing the strain capacity of TPU
and ABS within these samples, with TPU exhibiting better strain capacity. Such insights em-
phasize the importance of considering material properties and their influence on performance
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(a) Strength samples

(b) Strain capacity

(c) Total work

Figure 6.62: Comparison of phase 2 and 3 samples

characteristics when designing structures or components.
The modified samples demonstrate potential for further research, as the strain capacity of

the modified samples was observed to be higher when compared to the reference samples
without reinforcement. An interesting observation was made regarding the casting quality
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of the modified samples, which proved to be superior to that of the first two phases. The
incorporation of fibers in the reinforcement allowed for easier embedding, and as a result, less
vibration was required during the casting process. While the modified samples only required
10 seconds of vibration, the first two phases necessitated a full minute. This improvement in
casting quality has led to reduced imperfections in the modified samples, making them more
reliable for subsequent testing and evaluation. Further investigation and exploration of the
modified samples are required to fully understand their potential applications and the influence
of the modified parameters on their performance. The data obtained from this study serves as
a valuable foundation for future research projects aimed at optimizing and advancing the use
of these materials in practical engineering applications.

While this study primarily focused on the 3D printed reinforcement and mesh designs, it
is important to acknowledge that the performance of the composite is not only determined
by the reinforcement design, but also by the properties of the matrix. In this research, OPC
was used as the matrix material. However, it is noteworthy that the selection of cement type
can significantly influence the overall performance of the composite. Therefore, it is adviced
to explore the use of different cement types to comprehensively evaluate their impact on the
mechanical properties, and overall performance of the composite material.





7
Conclusions and Recommendations

In this chapter we will answer the main research question and two sub-questions that were
introduced in chapter 1. In addition to providing answers, this chapter also presents recom-
mendations for future work.
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7.1. Conclusions
In this research, the deformation capacity of ECC was studied by incorporating 3D printed
auxetic and non-auxetic reinforcements at four different angles for the ABS and TPU materi-
als. Furthermore, numerical models were developed to analyze the behavior of the various
reinforcing designs. Additionally, experimental tests, including uniaxial tensile tests, were con-
ducted to assess the mechanical properties of the composite materials.

The main research question of this study was: ”Is it possible to increase the deformation
capacity of ECC when reinforced with 3D printed auxetic and non-auxetic reinforcements?”
The findings from this research clearly demonstrate that the deformation capacity of ECC en-
hanced by employing 3D printed auxetic and non-auxetic reinforcements. This successful
outcome validates the first hypothesis, which stated that ”The incorporation of 3D printed re-
inforcement in ECC will lead to an increase in deformation capacity compared to conventional
ECC.”

The reference specimen, without such reinforcements, exhibited typical strain hardening
behavior observed in ECC, characterized by a relatively low strain capacity, quantified at ap-
proximately 0.0335%. Conversely, all specimens reinforced with 3D printed polymeric meshes
showcased a remarkable capability to undergo larger strains, exceeding twice the magnitude
of strain displayed by the reference sample. This phenomenon is evidenced by the data pre-
sented in Figures 6.31b, 6.48b, and 6.59b. Moreover, regardless of their design, all tested
reinforced specimens displayed strain hardening during the tension tests. However, distinct
responses were observed among reinforced specimens with different reinforcement patterns.

The incorporation of 3D printed auxetic reinforcements into ECC has significant implica-
tions for the performance and resilience of the material. This is particularly important in appli-
cations where high ductility and deformation capacity are essential. The enhanced deforma-
tion capacity observed in ECC, due to these innovative reinforcements, makes the material
more suitable for use in scenarios requiring superior strain capacity and improved structural
performance.

The first sub-question aimed to explore the influence of different 3D printing materials (ABS
and TPU) on the strength and strain capacity of the reinforced ECC. Numerical simulations re-
vealed distinct mechanical differences between the two materials. ABS exhibited significantly
higher load-bearing capacity, owing to its high stiffness and ability to withstand larger applied
loads before failure. On the other hand, the elastic and flexible nature of TPU provide it with
a higher deformation capacity, allowing it to sustain substantial deformations without experi-
encing failure. Remarkably, the TPU material did not reach the point of fracture even under
high applied stress, demonstrating its exceptional strength.

The experimental study further confirmed the higher strength of the ABS reinforced sam-
ples compared to the TPU reinforced samples. ABS has a better load-bearing capacity than
TPU and can tolerate more forces and strains. Moreover, the strain capacity comparison within
the samples revealed that TPU outperformed ABS, highlighting the enhanced ductile behav-
ior of TPU. This underscores the importance of considering material properties in designing
structures or components.

In summary, the choice of 3D printing material (ABS or TPU) significantly impacts the
strength and strain capacity of the reinforcement. ABS is more suitable for applications requir-
ing structural integrity and resistance to deformation, while TPU is preferred for applications
needing high flexibility and deformation capacity without fracture. The specific mechanical
requirements of each application should dictate the appropriate choice of printing material for
the reinforcement. It is noteworthy that, despite the reference sample exhibiting the highest
strength due to the casting process and mixture design, the reinforced samples displayed im-
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proved strain capacity compared to the reference sample. This supports the validity of the
second hypothesis, stating that ”The use of ABS as the 3D printing material for reinforcement
in ECC will result in enhanced load-bearing capacity compared to TPU as the 3D printing
material.”

Finally, the second sub-question revolved around the influence of altering parameters such
as angle, volume, and size on the mechanical properties of the reinforcement. The study
revealed that these factors indeed have a notable impact on the mechanical properties.

Firstly, the angle of the reinforcing structure played a crucial role in determining its auxetic
or non-auxetic behavior. Designs with negative angles, such as bowtie structures, exhibited
auxetic behavior characterized by lateral expansion under tensile loading. Conversely, de-
signs with positive angles, like rectangular and honeycomb structures, displayed non-auxetic
behavior with lateral contraction under tensile loading. The auxetic designs demonstrated
lower stiffness and higher strain capacity, making them suitable for applications where flex-
ibility and deformation capacity are essential. On the other hand, non-auxetic designs, par-
ticularly honeycomb structures, exhibited higher stiffness and load-bearing capacity, making
them suitable for applications requiring structural rigidity and resistance to deformation.

Secondly, adjusting the volume resulted in changes to parameters such as length, thick-
ness, and width. These alterations influenced the overall strength and stiffness of the rein-
forcement. Thicker and wider elements generally provided higher load-bearing capacity and
stiffness. Moreover, modifying the width and thickness affected the stress distribution within
the reinforcement, impacting its overall performance and failure mechanisms. Consequently,
an increase of the volume of the reinforcement led to higher overall stiffness and load-bearing
capacity, as a larger volume of reinforcing material contributed to a stronger and more rigid
structure.

It is crucial to keep in mind that changing these values may result in compromises in a
number of mechanical qualities. For example, increasing stiffness and load-bearing capacity
may come at the expense of reduced strain capacity and flexibility. Similarly, designs with
higher strain capacity and deformation capability may sacrifice some load-bearing capacity
and stiffness.

The experimental study confirmed that changes in volume altered the strength and strain
capacity of the samples for both materials. Likewise, modifications in cell size also affected
the mechanical properties. In summary, the study results validated the hypothesis that altering
the angle and size of 3D printed reinforcement designs significantly influenced the mechani-
cal properties of ECC. Different configurations led to increased strain capacity and improved
performance, demonstrating the importance of thoughtful parameter selection in enhancing
the material’s mechanical characteristics.

In conclusion, certain aspects of the reinforced samples demonstrated enhancement, par-
ticularly in terms of strain capacity, while other aspects, such as strength, exhibited a decrease.
The difference in strength can be attributed to the occurrence of bleeding and segregation dur-
ing the casting process. The utilization of the modified samples in the casting process may
help in reducing imperfections and enhance the overall strength of the reinforced materials.
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7.2. Recommendations
There are numerous areas that still require further investigation to improve our understanding.
In this study, OPC was utilized as the matrix material. Nonetheless, it should be emphasized
that the choice of cement type can have a substantial impact on the overall performance of
the composite. As a result, it is highly recommended to explore the application of various
cement types to conduct a comprehensive evaluation of their influence on the mechanical
properties, and overall performance of the composite material. Such further investigations
would contribute significantly to a deeper understanding of the interaction between the matrix
and reinforcement components.

Future studies should also consider examining different water-to-binder ratios. While a
specific ratio was employed in this research, exploring the effects of varying ratios is essential.
The water-to-binder ratio plays a vital role in the hydration process and resulting microstruc-
ture, significantly affecting mechanical strength, and other crucial properties [67]. A systematic
exploration of a range of water-to-binder ratios will enable a comprehensive understanding of
their impact on material performance and characteristics. This investigation will provide valu-
able insights for optimizing the water-to-binder ratio, thereby enhancing overall material quality
and suitability for specific applications.

In addition to fabricating fiber-reinforced samples, it is recommended to prepare reference
samples without fibers for the modified samples. This will provide a baseline for comparison
and enable a comprehensive analysis of the mechanical properties and performance of the
fiber-reinforced samples. By including reference samples, the effects of fiber incorporation can
be accurately assessed, allowing for a more thorough understanding of the material behavior
and the specific contributions of the fibers.

Moreover, in the context of the modified designs, it is recommended to investigate angles
beyond the 90 degree angle examined in this study. Exploring angles such as 52, 63, and
117 degrees will contribute to a more comprehensive understanding of their influence on the
behavior and performance of the modified designs. A systematic investigation of various an-
gles will provide insights into factors such as structural integrity, mechanical properties, and
overall performance, aiding in optimizing design parameters and expanding the applicability
of the modified designs across different scientific and engineering fields.

Additionally, apart from utilizing PE fibers with a length of 6 mm, it is advised to incorporate
other fiber types such as PVA fibers and explore different fiber sizes. Such investigations will
provide valuable insights into the influence of fiber characteristics, and sizes on the overall
performance and behavior of the composite material.

To comprehensively understand the behavior of auxetic materials, it is essential to explore
various auxetic shapes and sizes. Investigating different geometric configurations, including
aspect ratios, dimensions, and patterns, will deepen our understanding of auxetic properties.
This exploration will provide valuable insights into how specific shapes and sizes impact me-
chanical response, deformation characteristics, and potential applications. Consequently, it
will expand the design possibilities and optimization strategies for auxetic materials in various
scientific and engineering fields.

Lastly, considering the printing parameters of 3D printing is crucial to the properties of
the printed reinforcement. While this research maintained constant printing parameters, it
is recommended to conduct further investigations on the influence of these parameters on
the characteristics and performance of the printed reinforcement. By systematically varying
and optimizing printing parameters, a deeper understanding can be obtained regarding their
effects on structural integrity, mechanical properties, and surface quality of the printed rein-
forcement. This knowledge will contribute to advancing fabrication techniques and optimizing
the 3D printing process for reinforced materials, thereby enhancing their overall performance
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and applicability.

Summary Recommendations:

■ Exploring the influence of cement types

■ Examine various water-to-binder ratios

■ Explore the modified designs

■ Different fiber types and sizes

■ Different auxetic shapes and sizes

■ Printing parameters

In the world of construction materials, where innovation and resilience are paramount, the
exploration of ECC reinforced with 3D printed auxetic and non-auxetic reinforcements has un-
veiled a realm of endless possibilities. As this chapter comes to a close, structural engineering
and material science are about to enter a revolutionary period. A whole new set of attributes
will be made possible by this method.
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A
Tables

Design Length [mm] Width [mm] Height [mm]
R 100 40 10
A 94.5 40 10
C 100 40 10
D 101.7 40 10
Cadj 100 40 10
Dadj 101.7 40 10
Cmod 108 40 10

Table A.1: Desired dimensions of the samples
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148 A. Tables

Sample Reinforcing L [mm] W [mm] H1 [mm] H2 [mm] H3 [mm] Avg H [mm]
Material

R1 98 40 10.5 11 10.5 10.667
R2 99 40 9 9 10 9.333
R3 100 40 10 10 10 10
R4 99 40 16 16 16 16
A1 ABS 94 40 10 10.5 10 10.167
A2 ABS 91 40 11 11 11.5 11.167
A3 ABS 94 40 10 9 10 9.667
A4 ABS 94 40 10 11 12 11
C1 ABS 98 40 11 13 12 12
C2 ABS 98 40 11 11 10 10.667
C3 ABS 99 40 12 12 11 11.667
C4 ABS 98 40 10 11 10 10.333
D1 ABS 98 40 12 12.5 12 12.167
D2 ABS 101 40 10 11 11 10.667
D3 ABS 99 40 10 10 9 9.667
D4 ABS 99 40 11 11 12 11.333
A1 TPU 92 40 13 13 14 13.333
A2 TPU 93 40 10 10 10 10
A3 TPU 93 40 13 13 13 13
A4 TPU 93 40 11 11 11 11
C1 TPU 98 40 14 15 16 15
C2 TPU 99 40 16 16 15 15.667
C3 TPU 100 40 16 16 16 16
C4 TPU 99 40 12 12 12 12
D1 TPU 101 40 12 12 12 12
D2 TPU 101 40 10 12 13 11.667
D3 TPU 101 40 13 13 13 13
D4 TPU 99.5 40 12 10 12 11.333
C1,adj ABS 98 40 12 13 12 12.333
C2,adj ABS 98 40 8 9 10 9
C3,adj ABS 101 40 11 11 11 11
C4,adj ABS 97 40 12 12 12 12
D1,adj ABS 101 40 10 9 9 9.333
D2,adj ABS 100 40 10 11 11 11
D3,adj ABS 103 40 12 12 12 12
D4,adj ABS 102 40 12 11.5 11 11.5
C1,adj TPU 100 40 12 12 12 12
C2,adj TPU 100 40 10 10 11 10.333
C3,adj TPU 100 40 11 10 10 10.33
C4,adj TPU 101.5 40 12 11 11 11.333
D1,adj TPU 101 40 12 12 12 12
D2,adj TPU 99 40 9 10 11 10
D3,adj TPU 101 40 10 12 11 11
D4,adj TPU 101.5 40 10 10 10 10

Table A.2: Actual dimensions of the cut samples
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Sample Reinforcing L [mm] W [mm] H1 [mm] H2 [mm] H3 [mm] Avg H [mm]
Material

C1,mod ABS 107 40 14 13 14 13.667
C2,mod ABS 108 40 12 12 12.5 12.167
C3,mod ABS 107 40 11 11 12 11.333
C4,mod ABS 107 40 11 11 10 10.667
C1,mod TPU 107 40 13 13 14 13.333
C2,mod TPU 109 40 11 13 14 12.667
C3,mod TPU 108 40 10 12 13 11.667
C4,mod TPU 109 40 12 14 13 13

Table A.3: Actual dimensions of the cut samples





B
Numerical Study

Figure B.1: Tie constraint bottom
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152 B. Numerical Study

Figure B.2: Tie constraint top

Figure B.3: Element type
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Figure B.4: Mesh controls

Figure B.5: Triangular shaped mesh





C
Experimental Study

Figure C.1: Sample R1 backside showing multiple cracks
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156 C. Experimental Study

Figure C.2: Sample C1-TPU backside showing multiple cracks

Figure C.3: Air void in Sample B-ABS
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Figure C.4: Sample B casting complications

Figure C.5: Segregation

Figure C.6: Sample surface as a result from bleeding and segregation


