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ABSTRACT

Additive manufacturing technology has been established as one of the fastest-growing building
technologies worldwide. Three-dimensional concrete printing (3DCP) has developed an
increasing interest in the last decade due to its prospects as a transformative technology for
industries such as the concrete precast. Besides the improvements in automation technologies
in construction, traditional construction has faced considerable challenges: high accident rates,
labor dependency, significant potential for automation, and high costs associated with the use
of traditional formwork. In this context, three-dimensional concrete also referred to as physical
prototyping, is a novel construction technique in which the concrete is extruded layer-to-layer.
3DCP is positioning itself as an alternative to conventional fabrication processes under specific
circumstances such as complex geometries, expensive workforce, and high automation
requirements.

Furthermore, labor investment in the building industry has decreased over the last decades,
which places this technology in an advantageous place. Concrete is the most globally
consumed material for construction applications due to its competitive cost, worldwide

availability of the raw components, good mechanical properties, longevity, and ability to



remain fluid before hardening. Cementitious materials present some inherent limitations, such
as time-variable rheological properties or low tensile strength, among others. As a consequence
of the deposition nature of 3DCP, an anisotropic mechanical behavior has been reported in the
literature. This work examines the significance of infill printing patterns on the anisotropic
properties of 3D printed concrete.

Polymer concrete (PC) is a type of concrete in which a polymer entirely replaces the
cementitious binder. It has been widely used in the construction industry since 1970, offering
some advantages such as manufacturing simplicity, remarkable mechanical properties in both
compression and tension behavior, low curing time, low permeability, and superior bond
between different layers of the same material and to different substrates. Many characteristics
make PC a good alternative for the additive manufacturing industry. Research work has been
performed to characterize cement-based concrete for additive manufacturing. However, the
use of PC in 3D printing is still yet to be examined. This study aims to investigate the potential
use of PC for 3D printing for infrastructure applications.

Textile reinforced concrete (TRC) has gained attention from the construction industry due to
its lightweight, high tensile strength, design flexibility, and corrosion resistance with
remarkably long service life. Structural applications that utilize TRC components include
precast panels, structural repair, waterproofing elements, and fagades. TRC is produced by
incorporating multiple textile fabrics into thin cementitious concrete panels. In this thesis,
innovative reinforcement techniques such as interlayer textile reinforcement are explored for
both cement and polymer-based 3D printing materials.

Finally, the level of maturity of 3DCP as an emerging technology is examined. The potential

of 3DCP as a technology to improve infrastructure resilience is investigated.
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Chapter 1. Introduction

Motivation and Problem Statement

Freeform fabrication (FF), also known as rapid prototyping, rapid fabrication, or solid
freeform fabrication, is a compilation of technologies that apply to many markets.
Applications for this set of technologies share a common characteristic: manufacturing
products with complex geometries on a small production scale. Traditionally, this technology
has been used for prototyping since the quality of the parts was not good enough for
mechanical applications. Recently, the evolution of automation robotics with tighter
manufacturing tolerances, increased time efficiency, and the creation of post-processing
techniques has open the market applications to many market niches such as customized parts
for structural, medical, and architectural applications, among others as well the mass
production of customized parts [1].

Additive manufacturing (AM) is a subset of FF backgrounds from topography and photo
sculpture fields that backdate as early as 1890 [1]. Nonetheless, modern AM techniques were
envisioned for the first time in the 1950s and evolved through the second half of the 20"
century by inventors such as Munz [2], Swainson [3], Housholders [4], and Kodama [5],
among others.

AM is defined by the ISO/ASTM terminology [6] standard as the “process of joining
materials to make parts from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodologies ”. Although the term
“3D-printing” is commonly used as a synonym for AM, there are a variety of AM
technologies that, depending on the technology and the materials used, significantly diverge

from the traditional layer to layer material extrusion. To clarify this, the American Society



for Testing and Materials (ASTM) defined a set of standards that organize the range of
Additive Manufacturing processes into seven categories, as shown in Figure 1. The main

features of each one of those processes are described herein.
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Figure 1. Classification of additive manufacturing processes by ASTM International (ISO/ASTM52900-15). Adapted from [7].




Additional information on AM processes can be found elsewhere [7,8]. The global market
value of AM systems, materials for this process, software, and complimentary services was
estimated to be about $13 billion in 2016 [9]. According to the Wohlers report [10], AM is
experiencing exponential growth, specifically in industrial fields such as automotive,
aerospace, and defense applications. It is worth mentioning the development of new markets
such as biomedical and dental. In this context, AM has been drawing attention from the
construction sector. The main AM category of interest for large-scale infrastructure
applications is material extrusion, particularly contour crafting technology, which is
compatible with concrete and other pastes.

3D printing technology is abruptly gaining ground [11] (Figure 2), positioning itself as an
alternative to traditional fabrication processes for cases where geometries might be intricate,
the workforce is expensive, or a high degree of automatization is profitable.

Furthermore, the nature of some construction projects requires the manufacturing of custom
products in limited quantities. 3D printing could be a transformational technology for this
type of project since it is alleged to reduce design and execution times, enhance
communication, enable digitization, improve collaboration processes, and narrow the existent
gap between engineering and design [12]. On the other hand, labor investment in the building
industry has suffered a noticeable decline over the last decades [13], placing 3D printing

technology in an advantageous place.
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Figure 2. The exponential rise in large-scale 3D printed projects for construction

applications. Adapted from [11].

Most 3D printing materials for infrastructure applications are composed of an aggregate matrix
surrounded by a pozzolanic material that acts as a binder. The matrix hardens by an exothermic
hydration process [14]. Additions and additives such as silica fume, fumed silica, fly ash,
superplasticizers, and retarders have been used to achieve specific properties for 3D printing
applications such as high strength, delayed hardening, thixotropic behavior, high ductility, and
extended setting time, among others.

It has been established that AM of most materials (polymer, metallic, and ceramics) can
introduce microstructural heterogeneities, such as porosity and weaken interfaces, resulting
in an overall anisotropic behavior [15]. The presence of these potential defects due to the
printing process and the likely presence of weakened interfaces between layers suggest that

3DPC can have an anisotropic mechanical behavior [16-22].



Nevertheless, the low tensile strength of cement-based materials, the challenge to incorporate
reinforcement, and the anisotropic behavior of the printed structures make those materials
unsuited for some structural applications. Moreover, the potential presence of defects during
the manufacturing (printing) process due to factors such as the printing settings and the
material's time-dependent rheological behavior makes the harden mechanical behavior of the
3D printed concrete (3DPC) challenging to predict. Research efforts need to focus on
understanding the factors behind such directional dependency. In this context, it is crucial to
comprehend the fundamental mechanisms by which bond is formed in 3D printed concrete
and realize how the constituent materials, the concrete mix design, and the printing process
affect the rheological and hardened properties of the printed product.

Most of the research in concrete printing has focused on investigating cement-based 3D
printable materials. Most recently, due to the high environmental cost of cement production in
terms of CO> and other contaminants emissions, alternative pozzolanic materials such as fly
ash and slag have been investigated as alternative partial replacement materials.

Polymer concrete (PC) has been widely studied for construction applications. PC consists of
entirely replacing the cement as a binder by using a thermosetting polymer matrix. PC offers
some advantages due to its physicochemical properties such as low permeability, high
ductility, chemical resistance, high mechanical strength in compression and tension, and
excellent bond between layers of the same material and other substrates. These properties
make PC a promising candidate for concrete printing, especially in applications requiring
demanding performance. This research investigation is the first attempt to use polymer
concrete (PC) as an alternative material for 3D printing to the best of the author's knowledge.

This research addresses the characterization of PC for 3D printing applications in terms of



rheological and mechanical properties. Moreover, the implementation of reinforcement in

concrete printed structures has been a challenging subject of research. In this context, this

work also researches the use of textile fiber mesh reinforcement at the interlayer interface as

an innovative alternative reinforcing mechanism for 3D printed materials will be analyzed.

The combined use of cement-based and polymer-based mixes with this textile reinforcement

will be explored.

Objective and Contribution

This research analyzes new materials and manufacturing methods amenable to concrete

printing that could push the functionality of concrete printing to new applications. The

contributions of this work are listed herein:

Understanding the nature of the directional-dependent behavior of 3D printed
concrete. Examining the significance of infill patterns on the anisotropic properties of
3DPC and how those mechanical properties compare to conventionally cast concrete.
Analyzing the viability of polymer-based concrete (PC) as an alternative to classical
cement-based mixes for additive manufacturing processes. Characterize the properties
of this innovative material and its suitability for printing applications from a
rheological and mechanical perspective.

Compare the mechanical characteristics of PC, and cement-based textile reinforced
3D printed composites manufactured by a distinct-layer casting technique.

Evaluate the possible use of textile reinforcement in 3D printed concrete as an
alternative reinforcement, given its potential for automation. The thesis also

quantifies the improvement in the mechanical properties of the manufactured product.



e Investigate the level of maturity of concrete 3D printing as an emerging technology at
various scales and identify the potential contributions towards infrastructure
resilience.

Dissertation Layout

This dissertation consists of a general introduction (Chapter 1) to AM technology as well as
concrete 3D printing and an analysis of the rationale behind the market (AM) and research
(concrete 3D printing) eruption of these technologies. Chapter 1 also outlines the research
gaps that drive this research work.

Chapter 2 consists of a set of comprehensive literature reviews about the following topics:

e Additive manufacturing of concrete. Inception and overview of the different
technologies for concrete materials.

e Rheological behavior of 3D printed concrete.

e Mechanical anisotropy in 3D printed concrete. The interdependence of factors
affecting the mechanical behavior of 3D printed concrete is examined. Material
design, printing, rheological, and harden properties are examined, and their
dependency through a review of the work performed up to date.

e Polymer concrete (PC) as an alternative material for 3D printing. The potential of
polymer-based composites (in particular polymer concrete) for 3D printing from a
rheological and mechanical perspective is analyzed.

e Reinforcement of 3D printed concrete structures. A state-of-the-art review of the
different reinforcement systems implemented in 3D printed structures is provided.

e Textile reinforcement of cement composites. The use of textile reinforcement for

structural and infrastructure reinforcing applications is analyzed. The advantages of



textile reinforcement over traditional reinforcement typologies are evaluated by
reviewing the current literature on the topic.
Chapter 3 examines the anisotropic nature of 3D printed concrete. The significance of the
infill printing patterns is analyzed. The mechanisms that could be inducing that anisotropy
are investigated.
Chapter 4 investigates the potential of polymer concrete as an alternative material for 3D
printing for specific applications. An in-depth rheological analysis, as well as mechanical
analysis, is performed for this material. The use of carbon nano fibers as a rheology modifier
for polymer concrete is also explored in Chapter 5.
Chapter 6 details the flexural properties of distinct-layer casted cement and polymer
composites adding textile reinforcement. This chapter aims to determine whether PC is
compatible with this type of reinforcement and explore any potential synergies on using PC
with textile reinforcement.
Chapter 7 explores the implementation of textile reinforcement technology into 3D printing
for both cement and polymer-based materials.
Chapter 8 analyzes concrete 3D printing as an emerging technology and the potential socio-
economic impacts that this technology could have. The potential contributions of this
technology towards infrastructure resilience are also detailed.
In Chapter 9, conclusions about the investigations and recommendations for future work are
presented. Finally, all the references used in this dissertation are cited. The outline of this

dissertation is summarized in the flow chart shown in Figure 3.
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Chapter 2. Literature Review

Additive Manufacturing of Concrete

Different aspects push the construction industry towards a high automatization degree, such
as the progressive increase in labor and production costs, the costs associated with
construction times, and the ability to have more freedom in design due to the absence of
precast techniques [23]. AM is already being used for rapid prototyping and custom mass
production in other industries such as aerospace or automotive manufacturing. The
technology for thermoplastic materials has become so well adopted that 3D printers are now
affordable for home and industrial use [9].

AM technologies are often referred to as “rapid prototyping”. Rapid since the production of
the object from a conceptual state until its manufacturing is relatively fast. Prototyping refers
to the fact that the process is too slow for mass production [24]. Nonetheless, in construction,
structural elements are typically customized in terms of material design, geometry, and size
due to each design's specific and unique conditions. To manufacture each component, there is
a need to customize forms and molds. There is a clear cost-saving opportunity because of the
use of AM technology to design custom-made elements. Significant cost savings could be
achieved since the design can be optimized from a material and topology perspective, and
there 1s no need for molds [24]. The costs associated with formwork in traditional reinforced
concrete are estimated to be one-third of the total construction costs and one-third to one-half
of the construction time [25,26]. For intricated geometrical designs, the utilization of
monetary and time resources could be even more intensive. AM could be more cost-effective
than traditional precast methods for these distinct custom-made elements in which the

number of elements produced does not exceed a certain critical number. AM not only can

11



reduce costs in some construction applications, but it could also transform the designing
approach, enabling architects to conceptualize unique structures [27-30] since the limitations
in traditional mold casting production will be removed by AM technology. From a technical
perspective, Pacillo et al. [31] summarized the advantages and opportunities of AM for
construction:

e Automation of the construction process on-site and off-site [12].

e More freedom in geometrical design. Functional and topological optimization

[12,32,33].

e Multi-material printing with properties on-demand.

e Reduction of material waste due to the structural optimization and the absence of

formwork.

e Increase of safety at the construction workplace due to the reduction in labor force.
Since the inception of the use of a cement material for AM by Pegna [33], concrete AM for
concrete material has undergone exponential growth in research and development, as
depicted in Figure 2. Nowadays, for concrete AM there are three main techniques: contour
crafting incepted by Khoshnevis [34], D-shape (monolithic objects), and concrete printing
[35]:

e (Contour crafting has been under development since its invention by Khoshnevis [34].

This technology is based on the extrusion of a cement-based material against a trowel
that allows for a smooth surface finish [35]. The structure is created by the subsequent

deposition of layers.

12



e (Concrete printing is very similar to contour crafting, but the cement-based material is
engineered from a rheological perspective to retain its shape preventing the need to use
any trowel.

e D-shape technology does not follow a layer-by-layer approach, and it is based on the
selective placement of binder in a powder bed at the desired location to be solid.

Some authors [27] have envisioned large-scale 3DPC into three main applications for the
construction industry, namely 3D printing elements as a prefabrication technique, 3D
printing of formworks, and 3DPC on-site. For large-scale 3DPC on-site, numerous complex
logistics such as 3D printer installation and calibration, material preparation and pumping,
transportation, assembling, and disassembling of the precise 3D printer equipment must be
considered [36—40]. All these factors could make 3DCP for in-field applications not as
profitable as the prefabrication of elements. The interdependency of factors affecting the

economic and ecological efficiency of concrete 3D printing is depicted in Figure 4.

Efficiency ECOLOGICAL - ECONOMIC

Requirements MATERIAL STRUCTURE PRODUCTION
Influencing Mix Binding Reinforcement Topolo Automation Useof
Jactors design agent Pology formwork

Figure 4. Factors affecting the economic and ecological efficiency of concrete 3D printing.

Adapted from [41].

This thesis will be focused on concrete printing technology. This process is very similar to
other AM techniques since the object is designed as a solid geometry mesh, then it is

processed by a software that divides it into slices creating a code for the printing process, and
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finally is printed and post-processed if needed. Since its origin [42], layered extrusion
concrete printing techniques have relied on the sequential construction of geometries by
stacking one layer over the previous one. Relevant work has been performed to design new
cementitious materials for this purpose and to characterize the fresh and hardened properties
of 3D printable concrete [23,43]. Extensive literature reviews about concrete additive
manufacturing (AM) state of the art can be found elsewhere [11,12,44—47]. This study will
not cover AM methods regarding selective binder jetting (e.g. D-shape) [48,49].

Rheology of 3D Printed Concrete

Conventional cement-based concrete is widely used as a construction material due to its
ability to flow before hardening and adopt the shape of the formwork as it is poured.
Contrarily, in layered extrusion additive manufacturing, commonly known as 3D printing,
concrete is shaped without formwork. Then, the filament material is required to resist the
gravitational stresses imposed by its self-weight and the weight imposed by the printed
structure as it is extruded above it. This dictates stringent time-dependent rheological

requirements of materials used for 3D printing. The printability requirements are depicted in

Figure 5.
PRINTABILITY REQUIREMENTS
PUMPABILITY EXTRUDABILITY BUILDABILITY

-Printing size -Filament size -Filament height

-Rheology of the material -Deformation of the fresh -Layer height

-Amount of material material -Nozzle width

-Setting time -Printing path length and -Geometry of the object being
printing speed (interlayer time) printed (global buckling)
-Rheology of the material -Rheology of the material

Figure 5. Requirements for successful 3D printing.
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Most cement-based materials show a dualistic rheological character. They can be considered
solid when stress smaller than a critical value is applied, keeping the shape given. This
characteristic is crucial for additive manufacturing since concrete is shaped by layer
deposition. When the stress exceeds this threshold value, they behave as viscous liquids, and
they flow if the stress is maintained. This threshold value is called critical yield stress, 1c, also

known as static yield stress (1s) (Figure 6).

~
™
-
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= /
-
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Solid (viscoelastic)
regime

Log (Y)

Figure 6. Apparent flow curve. Yield stress vs. shear rate from an increase-decrease shear

rate ramp. Extracted from [50].

Concrete also shows a time-dependent behavior called thixotropy, meaning that their
resistance to flow increments after an increasing time at rest. Thixotropic fluids can be
defined as dispersions, which, when at rest, construct an intermolecular system of forces that
increases the fluid’s viscosity, also known as flocculation. For the material to flow,
considerable external energy must break these binding forces, reducing its viscosity. This is
known as the de-flocculation phase. In rheological terms, applied stress equal to or larger

than a material’s static yield stress will result in de-flocculation.
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Figure 7. Apparent flow curve. Shear stress vs. shear rate from an increase-decrease shear

rate ramp after different times at rest (thixotropic behavior). Extracted from [50].

In the liquid regime, the apparent viscosity relates both shear stress and shear rate. The shear
rate (¥), is defined as the ratio of the relative velocity (V) of the pseudo-solid planes to the
sample thickness (H): y = V/H or as the time variation of the deformation: y = (Ax/HAt).
To ensure continuity with the solid regime, the viscosity (1) should tend towards infinity as
the shear rate tends to zero (material stops flowing). This is what is generally observed in
practice (Figure 8). The apparent viscosity n is then n = t./y, which tends to infinity when y
tends to zero. In general, the Herschel-Bulkley model describes this relationship as follows
(Equation 1):

Equation 1. Herschel-Bulkley model. General equation.

Then .
T>T.—T="1.+ky" (Equation 1)

In which k and » are material parameters. This model can fit experimental data for a wide
range of shear stresses and shear rates. Therefore, this model can represent the material

behavior from very slow flows (typically at shear rates of the order of 10 2 s 1) to rapid
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flows (at shear rates of the order of 100s ~. No significant physical meaning has been
provided so far for the fitting parameters (k and ») in the general form of the model. Thus,
this model is just an appropriate fit for the data. The Bingham model is a particular case of
the Herschel-Bulkley model for n=1. This model might not be the correct prediction for cases
with a wide range of shear rates. In the Bingham model, the fitting parameter (k) represents

the viscosity of the fluid (Figure 8).

Te (tl)

Te (tﬂ)

Shear stress (Pa)

Ta (ty) ;
Ta (to) |1

Y (1)) Yo(t
() Yelt) Shear rate (1/s)

Figure 8. Schematic representation of the thixotropic Bingham plastic material model and

parameters.

On the other hand, the material's elastic modulus can be related to the interaction between the
structure's elements in the solid regime. The critical (or static) yield stress value (tc) is the
stress required to break the structure. For most printing processes, we only flow the material
while extruding it through the nozzle. Most of the time, the material is in a solid regime,

being the elastoplastic behavior of the material in this phase especially relevant. Before the
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yield stress, cement-based materials show a roughly elastic behavior in which the shear
elastic modulus (G) can be determined as G = t./y, with Y, being the critical shear strain at
flow onset, as shown in Figure 8.
The thixotropy nature of those materials is represented physically by the ability to build up
an internal structure at rest (which is a crucial feature for most printing applications) [51].
After deposition, when the material is at rest, it shows initial yield stress and shear strain
(To and y,). If the material is kept at rest, those parameters evolve with time. Experimental
results [52—54] show that the shear stress and the shear modulus increase as a function of
time, while the shear rate decreases with the time at rest. The material then becomes stronger
(higher yield stress) and stiffer (higher shear modulus) [53]. The rate at which the static yield
stress increase with time is defined in the literature as structuration rate, Awmix (Pa/s). If this
rate is constant with time, as suggested by [55,56], the yield stress of the material after a
resting time ¢ is defined as tc(t)=tcoTAmixt. It must be noted that assuming that the
structuration rate is constant does not seem to apply to all printable materials from literature.
For instance, some material tested [52] seemed to go through the exponential growth of its
bulk strength. From a physical point of view, the cement-based material evolution and the
transition between those two regimes can be explained by flocculation and the material’s
ability to nucleate early hydrates at the pseudo-contacts points between cement grains in the
flocculated structure formed by the cement grains [56]. In a chronological timeframe, the
following phases can be described:

e The cement particles are dispersed right after the mixing stage, and no interaction is

observed (Figure 9).
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Cement particles start flocculating and forming a network of interacting particles that
resist stress and display an initial elastic modulus Go and an initial yield stress tco due
to the attractive colloidal forces (Figure 9). This phase is referred to as flocculation
[56]. This flocculation is due to the equilibrium between the colloidal forces between
cement particles that oppose the interstitial water's viscous dissipation between
cement grains [56]. This phase can start seconds after the flow stops and last for
tenths to hundreds of seconds until the material reorganizes its particles to its final
configuration [53,56].

Calcium silicate hydrates (CSH) nucleation occurs at the contact points between
particles, although the material is still in the dormant period. Those interactions
possess higher energy, increasing the macroscopic elastic modulus of the material.
This phenomenon usually takes place simultaneously with the flocculation.

An increase in the size or numbers of hydrates bridges between percolated cement
particles (Figure 9). This phase is called structuration, and permanent chemical
reactions occur at a microscopic range as the cement hydrates. These bonds can be
broken if the material is re-sheared and formed again (if the chemical reactions allow
it). This process can be reversible if the mixing power is enough to break those

bonding bridges [55]. If not, it would result in a loss of workability.
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Mechanical Anisotropy in 3D Printed Concrete

The nature of the extrusion-based process, the layer build-up, and the lack of compaction
[58] favor the presence of joints at the printing interfaces, which should exhibit a minimum
bond strength to ensure a safe structural design. Also, cement-based materials are subjected
to hydration and colloidal changes over time [14], making the fresh state properties variable
during the extrusion process. As 3D printing technology expands, there is an increasing need
for predicting how the manufacturing process affects the hardened mechanical properties of
the 3D printed concrete [16,43,58,59]. Research studies reported on some of the printing
factors that can potentially influence the hardened mechanical properties of the 3D printed
concrete [43,60,61]. The printing interface between layers has been shown as a critical

element that can impact structural performance [16,58,62—65]. The mechanical properties of
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the 3D printed concrete at this interface can be weaker, inducing an anisotropic behavior
generated by the predetermined planes or pathways for cracks to propagate.

The adhesion between two concrete layers at the interface has been reported to be governed
by four main factors [66]: mechanical interaction, chemical bond, intermolecular forces, and
surface forces. For conventional cast concrete, Hui-cai et al. [59] observed using Scanning
Electron Microscopy (SEM) that the interface between two concretes cast at different times
is composed of different microstructural phases. One of these phases is notably weaker than
the other due to the relatively high content of calcium hydroxide crystals deposited at the
interface. For 3D printing, the interfacial bond and consequently the mechanical behavior can
be affected by material and manufacturing interdependent factors such as layer orientation
[16,17,64,67—69], interlayer interval time [17,43,58,68], the height of the printing nozzle to
the printing surface [17,58], rheology of the mix [53,70,71], and surface moisture content of
the deposited concrete layer [18,58].

One of the main limitations of manufacturing is the difficulty of depositing the material with
a certain quality standard while changing direction [72], especially at high printing speed.
Other related aspects include the inertia of the extruded filament and the printing system,
limitations of the printer itself, and the filament distortion due to the layer deposition and
other robotic limitations [11,17,72—74]. Thus, a clear dependency relation is observed
between the fresh material properties and the extrusion process. The dependency of the
printing product quality and performance upon the printing process and settings selected is
fundamental. The repeatability of a printing process using a different printing system,
operator, or while printing at a different printing environment (temperature and humidity) is

one of the main challenges for concrete 3D printing technology implementation. This also
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points out to the importance of the role of the operator in terms of skill and training on the
printing process and final product.

The interlayer interval time relates both printing and geometrical parameters with the
material properties. It can be defined as the time between the deposition of two consecutive
layers, and it has a considerable influence on the hardened properties of 3D printed concrete.
This time gap must be long enough to ensure the stability of the extruded layer under the
self-weight and the pressure of the layers above it. There is also a lower limit to ensure good
interlayer adhesion [75]. Low adhesion will ultimately extrapolate to a weak hardened
structure due to the presence of the so-called "cold joints" when the layer cycle-time is too
long [11,16], especially for interval times longer than the initial setting time [58]. Nerella et
al. [68] showed that the bond at the interface might be weakened due to carbonatation or
shrinkage. The properties of these joints can evolve as the hydration process develops,
becoming sufficiently strong with time [11]. Le et al. [16] studied the influence of the
interlayer interval time on the hardened compressive, flexural, and tensile strength in the
three principal directions. A mix composed of silica fume, fly ash, cement, sand,
superplasticizer, retarders, and propylene fibers was analytically designed to do so. A
decrease in the tensile strength while increasing the interval time was observed. Nerella et al.
[19,68] extended this work by performing SEM observations, which showed clear interlayer
interfaces at a microstructural level for long interval times.

From a rheological perspective, the low yield stress required for the material to be pumped
and extruded opposes the deposed filament’s need to keep its shape [43]. As the mix is
extruded and layers are placed, the vertical deformation due to the elastic behavior of the

pseudo-solid material under the self-weight of the structure increases due to the deformation
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of the substrate layers. For pressure-driven layer extrusion techniques (the layer height is
lower than the nozzle size, pressing the filament against the previous one), this phenomenon
reduces the pressure exerted by the nozzle between layers and influences interlayer adhesion
[17]. This effect becomes increasingly significant as new layers are built since the distance
between the nozzle and the material increases, and it can ultimately cause the filament to
move laterally before being placed, causing instability (buckling) of the whole structure [43].
This phenomenon is relevant when printing tall structures [45,74]. Two approaches to
address this problem have been studied: a real-time adjustment of the height of the nozzle
while printing based on the real-time deformability of the structure [74], and the control of
the structuration rate by using accelerators sprayed at the nozzle and reducing the printing
speed (set on-demand solution) [65,75]. Roussel [53] introduced a set of rheological
requirements for 3D printed concrete to prevent these problems.

Cold joints have also been associated with a limited intermixing of the layers at the interface
[53,70,71]. The mix's ability to partially flow over the previous layer contrasts the need from
the material to withstand the hydrostatic pressure exerted by the printing layers above it. The
material capacity to build up an internal structure at rest is known as thixotropy, and it is
essential for layered extrusion techniques. In this context, the structuration rate is understood
as the rate by which the static yield stress increases with time. Researchers [53,70,71]
reported that for distinct-layer casting, the structuration rate should be within an optimum
range to prevent flow under the stresses generated by the process and to guarantee a partial
flow of the deposited layer over the previous one. Open time is defined as the "operability
window" in which the material retains its rheological properties (viscosity, yield stress, and

thixotropy) within a range that makes the extrusion possible without compromising the
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hardened properties of the final product [16,17,43,65,75]. Open time relates the rheological
properties of the mix to the printing process through the mix design. The printing speed
should be adjusted to be fast enough to ensure an appropriate layer-to-layer bond while
maintaining a build-up rate that would be compatible with the structuration rate of the mix.
Printing factors such as printing speed, layer thickness, and interlayer time need to be
considered while designing the rheology of the mix. Wolfs et al. [54] developed a numerical
model to predict the mechanical behavior of fresh 3D printed concrete from the deposition
time and up to 90 minutes after deposition. The numerical failure criterion used was a time-
dependent Mohr-Coulomb, and linear stress-strain behavior was considered until failure.
More recently, researchers [ 18] have suggested that thixotropy could not be the main limiting
factor for the interlayer strength of 3D printed concrete but rather the presence of a
micrometer range thickness dried zone at the substrate layer. Wolfs et al. and Keita et al.
[18,58] associated the layer interface strength for smooth surfaces with the superficial drying
of the resting layer.

They studied how the surface moisture content would influence the bond strength in the
interlayer zone. Keita et al. [18] detected reductions up to 50% for uncovered interfaces
exposed a long time before printing. Wolfs et al. [58] examined the flexural tensile strength
of 3D printed concrete samples for covered and uncovered specimens printed with interlayer
interval times of 4 and 24 hours. A significant reduction in bond strength as a function of the
time and humidity exposure was observed.

Finally, the bulk density of the 3D printed concrete is crucial to ensure adequate hardened
mechanical properties. The printing path can have a significant influence on the density by a

process called under-filling. The generation of millimetric-scale voids by under-filling was
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first identified by Le et al. [16] and, more recently, reported by others [20]. This phenomenon

is depicted in Figure 10.

(a) (b)
Figure 10. Linear voids between filaments (namely inter-filament voids) in (a)

transverse and (b) side view.

The tool path, the printing system, and the rheological properties of the concrete mix
remarkably influence density and, consequently, the hardened mechanical properties.
Researchers have observed relatively high densities for 3D printed concrete specimens than
in cast ones [16,17,20] for cases in which rheology and printing parameters were optimized.
We suggest that the interdependence of factors affecting 3D printed concrete can be
described by a 3D tetrahedral model, analogous to a silica tetrahedral, as presented in Figure
11. The material properties, the mix design, and the 3D printing process represent the
tetrahedral base. The rheological properties and the green strength of 3D printed concrete are
hidden at the center of the model, analogous to the Oxygen atom in the silica tetrahedral.
Finally, the hardened concrete characteristics are placed at the top of the tetrahedral. We
suggest this model can help to understand the factors affecting 3D printed concrete for

successful design and simulation.
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Figure 11. Tetrahedral model of 3D printed concrete, analogous to silica tetrahedral,

showing interdependence among parameters affecting 3D concrete printing.

In this context, research [16-21] has tried to quantify the anisotropy that the printing process
exerts on the hardened product. Research work [17—19] focused on the interlayer interface
behavior for monofilament specimens. On the other hand, the behavior at the interface
between filaments (interfilamentous) has not received that much research attention [16,21].
For bulk specimens, both interfaces can have a significant impact on the hardened
mechanical performance. Higher macro-scale porosity, induced by the printing process, is
prone to appear in both interfaces. Macro-scale porosity was reported as a critical factor in
inducing an anisotropic behavior [19]. Researchers [16,20,21] show an anisotropic behavior
induced by the printing process by performing compression testing in the three principal
directions. Although compression testing is not an indicator of the interface strength, it can

be used to indicate the overall anisotropy of a sample if three principal directions are
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examined [19]. Most of the research did not show any statistically significant difference
between the three directions [20,21] for a determined printing pattern, probably due to the
small sample size (three samples per direction). Le et al. [16] tested the anisotropic behavior
of a pre-determined infill pattern and concluded that the vertical direction was significantly
stronger than the other two directions.

Polymer Concrete as an Alternative Material for 3D Printing

Concrete 3D printing commonly relies on the deposition of layered filaments of the material.
Cement-based materials have been used for this application due to their ability to stay as
pseudo-solid before hardening when their flow properties are properly designed [44]. Cement
concrete has limitations in its tensile capacity, ductility, fatigue, and resistance to chemical
exposure. To overcome these limitations, polymer concrete (PC) was developed in the 1970s
for applications that require protection against aggressive environments [76,77], dynamic and
cyclic loads [78], high ductility [78—80], and fatigue [81]. The main applications of PC in
infrastructure include bridge deck, industrial overlays, waste-water pipes and containers,
utility holes, underground communication and transmission line boxes, building facade
panels, machine foundations, and other elements subjected to dynamic and cyclic loads
[82,83]. Numerous PC applications are directed toward precast elements, making PC
amenable for 3D printing technology.

This work focuses specifically on polymer concrete, denoted PC. PC is a composite material
developed by mixing well-graded aggregate/fillers and a polymer resin that fully substitutes
the cement binder. Other types of polymer concrete can be found elsewhere [84]. The
polymer matrix and aggregate mix design enable engineering specific PC properties,

potentially reducing the mix’s cost [85]. PC offers numerous advantages over cement
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concrete as an infrastructure material, such as low permeability, high ductility, chemical
resistance, acceptable mechanical strength, and excellent bond with other materials [86]. On
the other hand, PC needs to be carefully designed for field application by accounting for
temperature effects and considering the time-dependent behavior of PC under sustained
stresses [86].

The use of fillers to modify the rheological properties of polymers has been of paramount
importance to enable innovative applications of polymers [85]. Research has also been
performed to understand the effects of using different filler materials on PC's behavior. Fly
ash [87-89] and silica fume [89] were investigated as potential fillers for PC and showed an
increase in PC's mechanical strength and overall durability performance. The improvement
of mechanical strength in PC incorporating silica-based pozzolanic fillers is not attributed to
the pozzolanic reaction as in cement concrete but to the ability of those fillers to improve the
packing fraction of the particles [90] and to form with the fine and coarse aggregate a well-
graded system of particles with reduced overall porosity [91]. Fly ash and silica fume are
often used due to their wide availability and proven to provide PC with improved
workability, high strength [92,93], good thermal stability [94-96], improved fire resistance
[97], good electrical conductivity [96,98], and shielding features [99]. The addition of fly ash
was also proven to lead to better mechanical performance than silica fume [89].
Engineering the rheology of 3D printed concrete is critical to balance the hardened state
properties while maintaining good processability of the material for pumping and extrusion.
Rheology is also essential to predict material response during the printing process.

Rheological properties for concentrated suspensions of particles in a low viscosity matrix
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have been widely investigated [100—106]. Figure 12 shows a schematic representation of the

different rheological models used to describe polymer and polymer concrete (PC).
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Figure 12. Schematic representation of the rheological behavior of polymer and PC.

Polymers usually do not display initial shear stress (required to start the flow). The relation
between shear stress and shear rate for polymers can be linear (Newtonian) or non-linear
(pseudoplastic). The pseudoplastic model describes a reduction in the viscosity (coefficient
between shear stress and shear rate) over time. This is identified in the literature as shear-
thinning behavior [100,101,104]. For PC, on the other hand, initial shear stress is required for
the material to flow (Figure 12). The Bingham models describe this. If the material displays a
constant viscosity as the shear rate increases, it is called Bingham plastic. If the material
experiences a shear-thinning behavior, the material is described by a Bingham pseudoplastic.
The properties of both the particles and the matrix and their interaction influence the flow
properties of PC. The main factors affecting the rheological properties of PC are
schematically summarized and illustrated in Figure 13. The figure depicts that the rheological

properties of PC are a function of the interaction between the particles and the matrix, the
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aggregate packing fraction, which depends on the particle size distribution and shape of the
particles. The type of polymer also influences the rheology of the PC system through the
viscosity evolution over time. The rate of polymerization controls the polymer viscosity
change. The polymer matrix surrounds the inert materials that are dispersed without
significantly affecting the molecular structure of the polymer [106]. By controlling the
aggregate particle packing fraction, the properties of the fillers, and the rate of

polymerization, PC rheology can be engineered.
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Figure 13. Leading factors affecting the rheology of PC.

The composite PC fluid comprising polymer and aggregate behaves as a non-Newtonian
fluid that does not flow unless the applied stress (1) exceeds minimum static yield stress, s
and then the relation between shear stress and shear strain () is non-linear (pseudoplastic).
Figure 12 shows the rheological behavior of the PC as a Bingham pseudoplastic material. PC

thus shows a dualistic rheological character. When the microstructure is undisturbed and well
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connected (material at rest), it behaves as solid when the stress applied is smaller than the
static yield stress, keeping its original shape while moving like a viscous liquid when shear
stress above the static yield stress is maintained. Once the material has been disturbed (pre-
sheared at higher shear stress than the static yield stress), the minimum stress to sustain or
terminate the flow of the material is defined as the dynamic yield stress. This characteristic
behavior of PC is crucial for additive manufacturing since concrete is shaped without a
traditional formwork. PC also shows a time-dependent behavior called thixotropy, meaning
that PC resistance to flow grows as the time at rest increases. Thixotropic materials, when at
rest, develop intermolecular forces that increase the fluid’s viscosity, also known as
flocculation. The thixotropy nature of PC is represented by its ability to build up an internal
structure at rest, which is another crucial feature for 3D printing applications [51]. For the
material to flow, considerable external energy is required to break these binding forces. After
deposition, when at rest, PC shows initial static yield stress and static shear strain (tgy and
¥so )- If the material is kept at rest, those parameters will change with time. The static shear
stress and the elastic shear modulus (G) increase, while the static shear strain decreases with
time. The material then becomes stronger and stiffer compared with its characteristics at
deposition time [53].

The time-dependent rheological properties of PC are closely related to the printing process.
The main factors relating to the material rheological properties with the 3D printing variables
are illustrated in Figure 14. The rate at which the static yield stress increases with time is
usually linear and defined in the literature as structuration rate Awmix (Pa/s). This rate is
attributed to the thixotropic nature of the PC (Figure 14). Although the structuration rate is a

material property, it strongly affects the 3D printing process. As depicted in Figure 14, the
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required structuration rate is expected to scale as 3D printing variables such as contour length
(S), the layer height (o), the printing speed (), and the vertical build-up rate (H) change.
The static yield stress (zs) at a given time after deposition (to + At), assuming a linear
(constant rate) increase, can be written as:

Equation 2. Static yield stress at a given time after deposition (tg + At)
T (ty + At) = 14(ty) + AmixAt (Equation 2)
It must be noted that assuming a constant structuration rate (linear evolution of the static

yield stress) does not seem to characterize all materials [52].
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Figure 14. Relationship between rheological properties and 3D printing variables in PC.

After deposition, the stresses at the first layer of material must be limited so that the printed
layers remain at a solid state preventing failure. The gravitational induced extensional
stresses at the bottom layer assuming pure elongational flow [45,107] can be quantified as
pgH/~/3 where p is the density of the printed material, as shown in Figure 14. This stress

needs to be kept below the static yield stress, also known as green strength t4(t, + At)
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(Equation 2) at any given time to prevent the collapse of the structure. Then, the equilibrium
equation for the bottom layer at a given time after deposition (to + At) can be rewritten as:
Equation 3. Static yield stress equilibrium equation for the bottom layer at a given time after
deposition (ty + At).

To(to) + AmixAt = pgH//3 (Equation 3)
Leading to the condition:

Equation 4. Structuration rate equilibrium criteria.
Ahix > H(pg/V3 = 15(t0) /H) (Equation 4)
It is important to note how the build-up (rising) speed (H) is dependent on the geometry of
the printed object (contour length, S) and on printing parameters such as printing speed (V),
layer height (49). Equation 4 relates the rheological properties with the 3D printing variables
(Figure 14) and ultimately leads to the stability of the printing object (also referred to as
green strength). The required structuration rate is expected to scale with the various object
length scales and extrusion length scales of the process, and, although being a material
requirement, it is entirely dependent on the process. It is important to note that as the
structure height increases, stability issues due to increased slenderness ratio and potential
buckling might arise. This issue is not considered in Equation 4 but might be considered by
conducting finite element modeling of the printing process [54].
The dynamic yield stress (tq4), as depicted in Figure 14, is related to the integrity of the
printed filament (extruded at a rotational rate ). It can be observed that the relation between
the mix design and the rheology is critical to achieving a satisfactory 3D printed product. By
understanding the rheological behavior of PC and how it can be tuned by altering the mix

design, satisfactory fresh and harden mechanical properties can be achieved.
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The hardened properties of PC depend upon many factors such as the type and content of the
polymer resin, composition and particle size distribution of aggregates and fillers, the
aggregate to polymer ratio, curing temperature, manufacturing process, and loading rate
[89,108,109]. The compressive strength of PC incorporating different polymer resins was
found to be improved when the polymer matrix volume fraction is less than 20% [108].
However, a balance needs to be made in the PC mix design to achieve acceptable rheological
and mechanical properties. Optimal conventional (i.e., not for 3D printing) PC mixtures with
good workability require a polymer matrix volume fraction higher than the 20% mentioned
above. The size distribution and surface area of the aggregate used in the mix also greatly
influence the required polymer resin content. Some researchers [110] indicated that Fuller’s
aggregate gradation could be used to lead to a PC with high compressive strength. The
optimum polymer resin content will increase when fillers with a high surface area are used
[111-113]. The printing path and the rheology of PC (dependent on the mix design) can
significantly influence the bulk density of the hardened product by a process called under-
filling [16] as depicted in Figure 10. The bulk density of the 3D printed concrete primarily
affects its mechanical properties [114].

Reinforcement of 3D Printed Concrete Structures

Concrete as a construction material has some inherent limitations due to its low tensile
strength capacity and ductility for some applications. Tensile strength for most concrete
mixes is in the 10% of the compressive strength range, and most of the time, it is neglected in
design. This limitation is overcome by implementing tensile steel reinforcement. Typical
reinforcement techniques for casting concrete structures can be classified as internal or

external, active or passive, and metallic or non-metallic [115], being the most common
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internal, passive, and metallic reinforcement. Also, metallic reinforcement systems are prone
to corrosion exposure resulting in a degradation of the structure. Fiber reinforcement has also
been used for reinforcing concrete but with limitations regarding strength and ductility.
Installation of internal, passive metallic reinforcement is typically done by placing the
reinforcement grids in the mold that is then cast. As it is cast, the material flows between the
reinforcement, and it is vibrated to ensure proper adhesion to the reinforcement.
Reinforcement in traditional concrete design is required to provide structural capacity and
ensure that no brittle failure, cracks or excessive deformations, or lack of ductility will
happen. For this reason, a minimum amount of reinforcement is typically included. The
reinforcement configurations and procedures traditionally used in construction are not
amenable for additive manufacturing techniques. Consequently, there is the need to change
the status quo in terms of reinforcement for 3D printing. Efforts to incorporate the traditional
reinforcement techniques into concrete 3D printing have been made [115]. Nonetheless, they
might not be profitable in most cases but detrimental to the technology from an economic
and efficiency perspective.

Reinforcement integration into 3D printing technology is undergoing many challenges due to
inference between the in-plane layer by layer manufacturing process and the presence of
vertical reinforcement [116]. Although the knowledge and interest in extrusion 3DcP
technologies are rapidly progressing, there is still an overreaching limitation of effectively
incorporating reinforcement in the manufacturing process [117]. The scarce adaptability of
these traditional reinforcement techniques with the AM process and the design of

geometrically complex forms make alternative reinforcement techniques desirable
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alternatives [116]. To make 3DCP a feasible and practical alternative to conventionally cast
concrete, efficient methods of incorporating reinforcement must be developed.
The recent developments in robotics, digital design, material engineering, and modeling have
introduced innovative construction methods [115]. These advances present much potential to
increase design freedom and the degree of automation in construction. Nonetheless, these
new technologies (including concrete 3D printing) require new reinforcement systems and
configurations amenable to the manufacturing techniques.
There is currently an emphasis on studying different reinforcement methods and technologies
compatible with concrete additive manufacturing [115,117]. Most of these methods reinforce
the interfilamentous plane, but few have studied the reinforcement in the printing direction
(interlayer plane). Based on the classifications of Marchment et al. [117] and Asprone et al.
[115], most reinforcement techniques can be classified into one of the following groups:

1. Pre-installed reinforcement method
There have been precedents of using pre-installed vertical and horizontal reinforcement on a
large scale by HuaShang Tengda Ltd. A robotic 3D printer with two nozzles would print the
material on both sides of the vertical reinforcement or over the horizontal one [117], as
depicted in Figure 16 (b). This method requires pre-building the reinforcement mesh
structure, placing it, and keeping it in place before and while printing. Also, design is limited
to the presence of just vertical or horizontal reinforcement.

2. Post-installed reinforcement methods
Typically, large-scale 3D printed structures incorporate the reinforcement after the printing is
performed [117]. To do this, use a 3D printed shell structure as a “structural formwork™ to

then include the reinforcement and cast regular concrete inside, as depicted in Figure 16 (a).
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Some companies [61] and researchers have implemented and investigated this method
[29,118]. Other approaches such as placing reinforcement after printing grouting it to the
printed structure by leaving holes in the printed structure [23] or fixing truss-like external
reinforcement structures to the printed element [116], as shown in Figure 16 (c), have been
studied. These methods show great potential, but they are still very labor-intensive and hard
to automize.
There are also cases of structures with post-installed active reinforcement methods (post-
tensioned reinforcement). Some 3D printed pedestrian bridges have been designed with these
methods [119,120]. Some methods of making for the production of 3D printed segmental
concrete structures have been patented by Reda Taha et al. [121]. Details of the patented
work are included in Figure 15. This issue is not explicitly covered in this thesis.

3. Short fiber reinforcement method
Short fiber inclusion in the mix design to reinforce the 3D printed mix has been widely
studied by researchers [69,107,122—126]. The addition of these fibers in the mix has proven
to improve the material's tensile strength but not significantly improve the toughness and
ductility. Also, these fibers only reinforce in the layer plane and not in the interfilamentous
plane. An SEM image of a 3D printed mix including polyethylene fibers is depicted in Figure
16 (d).

4. In-layer direction reinforcement
Numerous researchers have investigated the use of wire reinforcement systems embedded in
the material filament since its conception by Khoshnevis [34]. Khoshnevis investigated the
use of a steel coil. More recently, researchers have investigated the use of high tensile steel

cables embedded in the filament to provide confinement [127,128], as depicted in Figure 16
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(e). Furthermore, the printer head was developed to embed a single or multi-strand cable and

even a chain [129,130]. This method was proven superior to the inclusion of short fibers in

the mix, but it still faces the challenge of reinforcing the interfilamentous interface.
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[121] (a) Elevation and sectional view of the geometry. (b) Sectional view of the printing

path. (c) Details for the implementation of the post-tensioning reinforcement and grouting.
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Concrete Concrete

!

Pre-installed

vertical
reinforcement

Figure 16. Reinforcement techniques for 3D printed concrete. (a) Passive post-installed
reinforcement method in a concrete 3D printed formwork. Extracted from
http://www.winsun3d.com. (b) Schematic of a pre-installed mesh reinforcement method.

Extracted from [117]. (c) Active post-installed external reinforcement method. Extracted
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from [116]. (d) SEM image of short polyethylene fiber reinforcement at a micro-scale.
Extracted from [131]. (e) Active reinforcement for filament embedded cable reinforcement.

Extracted from [128].

Textile Reinforcement of Cement Composites

Textile reinforced concrete (TRC) is a cementitious composite that has been recently
introduced to civil infrastructure to reinforce precast elements and strengthen deteriorated
structures due to its lightweight, durability, design and installation flexibility, and in- and
out-of-plane structural performance [132—-137]. Typically, TRC is created by incorporating
high-performance textile reinforcement made of continuous multi-filament yarns (e.g., glass,
polypropylene, polyamides) into a matrix comprised of cement as a binder and small-size,
well-distributed aggregate [138,139]. Planar (2D) or spatial (3D) textile reinforcement can be
used in TRC depending on the load application [134—136,140]. Potential applications for
TRC include architecture fagade, noise/water protection panels, sandwich walls, load-bearing
shell structures, and storage units (e.g., tanks and silos) [132,141], and for the strengthening
of existing reinforced concrete structures [137,142—-146]. Studies showed that TRC could
replace fiber-reinforced polymer (FRP) composites for flexural and shear retrofitting with
similar capacity enhancement but improved durability [147].

Despite its unique structural performance, research has unveiled a few challenges related to
the failure behavior of TRC structural elements. Specifically, the potential for premature
debonding between the textile yarns and the cement matrix at low strains. Organic coats were
suggested to improve the bond behavior between the fibers and the mortar [148]. Previous
research showed that such early debonding could be attributed to the cementitious matrix's

improper impregnation of the fiber fabrics. Microscopic images showed that the degree of
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fiber impregnation varies within fiber filaments, with outer (sleeve) filaments being fully
impregnated and fiber impregnation decrease toward the central (core) fibers [149,150]. The
cement slurry's high viscosity contributes to the cement matrix's low penetration into narrow
spaces in the textile yarn. However, stresses can still transfer to the core fiber layers via
frictional contact with the adjacent outer fiber layers [151,152]. When TRC is subjected to
high loading rates (e.g., impact or dynamic), further debonding between the reinforcement
textile layers and the cement matrix occurs. Debonding may lower the load-carrying capacity
and ductility, potentially altering the failure mode of the TRC structure [152].

Several types of textile reinforcement materials have been used in TRC, including
polypropylene, alkali-resistant glass, carbon, and basalt. Basalt fibers can be produced from
natural resources (volcanic rocks); they require low energy for manufacture, are recyclable,
and have high performance while relatively inexpensive compared with other types of fibers
[153]. Due to these advantages, basalt fibers have positioned themselves as a promising
material for textile reinforcement and fibers in cement composites.

On the other hand, polymer concrete (PC) is a composite material developed by combining a
polymer resin that fully substitutes the cement as a binder and well-graded aggregate
particles as a filler [154]. Polymers such as epoxy, polyester, vinyl ester, and methyl
methacrylate (MMA) are commonly used in the construction industry [84]. The PC mixture
typically contains an initiator to promote polymerization and to control the hardening time.
Combining a polymer matrix and aggregate enables researchers and contractors to engineer
specific desired properties due to its physicochemical properties such as low permeability,
high ductility, high durability, chemical resistance, and good mechanical strength [24, 25].

Aggregate type is chosen to achieve desired characteristics such as high strength [92,93,156],
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thermal stability [94-96,157], fire resistance [97,158,159], electrical conductivity [95,96,98],
or electromagnetic shielding [99]. Polymers are also known for their significantly high bond
strength to many surfaces compared with cement. PC is, therefore, favorable when a strong

bond to the reinforcement is required.
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Chapter 3. Examining the Significance of Infill Printing Pattern on the

Anisotropy of 3D Printed Concrete

This study examines how the combined presence of both interfaces within the same bulk
specimen can affect the overall anisotropic mechanical behavior of the specimen. Besides,
the potential effect of the printing infill pattern on the mechanical properties of bulk
specimens and the anisotropy remains uninvestigated. This work examines the significance
of infill printing patterns on the hardened properties (density and compressive strength) of
3D printed concrete. Concrete specimens were printed with three different infill patterns, and
the performance of those specimens was compared with conventionally cast concrete ones.
The anisotropy of the 3D printed concrete associated with the infill printing patterns and
testing directions was analyzed and reported herein through compression testing.

The significance of infill patterns on the anisotropic properties of 3D printable concrete and
how those mechanical properties compare to conventionally cast concrete was investigated.
The rheological properties of the concrete mix were characterized, and the compressive and
interlayer bond strengths of the 3D printed concrete were determined experimentally. The
experimental results show that there is a directional dependence on all the printing patterns.
However, no significant difference in the mechanical properties was observed or attributed to
the printing patterns. The results show that the 3D printed concrete specimens show higher
compressive strength than conventional cast concrete for some testing directions due to the

compactness associated with the printing process
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Experimental Methods

Materials and Mix Design
A high-performance 3D printable concrete mix was designed. Fresh-state properties such as
rheology, extrudability, and buildability were considered. High compressive strength in the
hardened state was addressed by selecting a high content of pozzolanic materials with respect
to aggregate [43]. A well-graded aggregate with a maximum nominal aggregate size of 2.36
mm and a predominant range comprised of between #20 to #50 (0.8-0.3 mm) was used.
Figure 17 shows the particle size distribution of the aggregate used in producing 3D printed
concrete. This maximum aggregate size ensures proper printing resolution for the 20 mm
nozzle diameter used in printing.
Type I-1I Portland cement, type-F fly ash, and silica fume (Rheomac SF 100, BASF group)
were used. The binder (cement, silica fume, and fly ash) to aggregate ratio and the pozzolanic
material's content (cement and silica fume) to the total binder weight were adopted based on
the recommendations by Le et al. [43]. The mix also included a polycarboxylate-based high-
range water-reducer (HRWR) admixture (MasterGlenium 3030, BASF group). This HRWR
meets ASTM C494/C 494M requirements for Type F, high-range water-reducing, admixtures
[160]. It was added in a dosage of 1.05% to the binder by weight. Previous researchers
showed that such content is adequate to reduce the water-binder ratio and achieve
satisfactory rheological properties [43,161]. The water to binder ratio was kept at 0.28.

Concrete mix design proportions used in the 3D printed concrete are presented in Table 1.
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Figure 17. Particle size distribution of the aggregate used to produce 3D printed concrete.

Table 1. Concrete mix proportions used for 3D printed concrete.

Component Quantity (kg/m3)
Cement 546

Fly ash 156

Silica Fume 78

Sand 1171
Water 219
HRWR 8.20

Mixing and Pumping

A shear mixer was used to mix the concrete. Binder materials (cement, silica fume, and fly
ash) were added together to the mixer. Then, a mix of water and HRWR agent was added and
mixed for 30 seconds. The paste was continuously mixed for an additional 30 seconds. The

aggregate was then added and mixed for 2 minutes. The concrete was pumped using a
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positive displacement pump to the tool head. The concrete was extruded (and therefore
sheared) at the nozzle before deposition using a helicoidal extruder.

Printing and Curing 3D Printed Concrete Specimens
A gantry robot 3D printer with 3 degrees of freedom and a printable area of 2x2x2 m was
used. Cube specimens of 160x160x160 mm were printed by using a 20 mm diameter nozzle,
10 mm layer height, and 50 mm/s linear printing speed. These printing settings were chosen
based on the rheological properties of the mix, the printing system and work reported by
other researchers [21,161]. The temperature during the printing process was kept at 23+2 C.
The specimens were cut after curing, using a wet brick saw, into 120x120x120 mm cubes to
obtain surfaces smooth enough for mechanical testing. The gantry robot, extrusion of the

cubes, and the 3D printed concrete cubic specimens are shown in Figure 18.

(a) (b) ©

Figure 18. (a) 3D printer gantry robot. (b) Nozzle, extruding system, and detail of the
printing process. (c¢) 3D printed concrete cubic specimen after surface preparation in the X

and Y planes (all planes were cut).

The extrusion rate represents the rotational speed of the helicoidal extruder that pushes the

material through the nozzle. In order to print the cubic specimens, it was adapted to the
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rheological properties of the mix at each time, varying from 0.6 rad/s to 2.2 rad/s (2.88 L/min
to 10.68 L/min). The extrusion rate is also related to the printing speed. For a given printing
speed (in the layer plane), the extrusion rate should be accounted for so that the filament is
not over extruded or under extruded (causing filament interruption). All concrete specimens
were 3D printed in 16 layers following three different infill printing patterns (depicted in
Figure 19 c,d,e). A pictorial description of the infill printing patterns (for the 12 layers tested)

is shown in Figure 19a.

L 2 X 4

0 deg 90 deg X 45 deg -45 deg

a
I Y X
() © L @ ©

Figure 19. Schematic description of the printing patterns. (a) Layer orientations. (b) [0]12

specimen before cutting the perimeter. (c) [0] 12 specimen after cutting. (d) [0,90]s specimen

after cutting. (e) [0,45,90-45]3 specimen after cutting.

An outline perimeter (Figure 19b) was printed first, followed by the core. The outline
perimeter was cut before testing, as shown in Figure 19¢, d, and e, so that the surfaces would
be smooth enough for mechanical testing. The nomenclature used to describe the infill

printing patterns is as follows [01, ¢2.... ¢i]n, Where ¢1, ¢o,.... ¢i are the different layer
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orientations for one sequence (as shown in Figure 19a) and "n" is the number of times this
sequence is repeated vertically. For instance, [0,90]¢ represents a concrete specimen with
alternated 0- and 90-degree layers printed six times in the Z direction. Five reference
specimens were conventionally cast using the same concrete mix and standard
150x150x150mm cubic molds per BS EN 12390-3:2019 [162]. The casting and consolidation
protocols were performed following ASTM C192/C192M [163]. Consolidation of the cast
cubes was accomplished by casting three layers of equal depth and tamping 25 times per
layer with a 16mm diameter rod [163]. The specimens were cut after curing, using a wet
brick saw, into 120x120x120 mm cubes.
A total of 50 cubes were printed. Fifteen cubes were printed following each pattern (shown
in Figure 19), and then five specimens were selected for testing in the X, Y, and Z directions,
respectively, forming a matrix of 45 3D printed concrete specimens. All the specimens were
cured in standard curing water at 70°C for seven days to expedite the curing process
according to the maturity method as per ASTM C1520/C1074-19 [164].

Rheological Measurements, Initial Setting Time, and Slump
Rheology measurements were performed using a Brookfield RST soft solid tester rotational
rheometer (Figure 20). The shear vane spindle had a diameter of 20 mm and a length of 40
mm [165,166]. For this spindle geometry, the range of the apparatus in terms of shear stress
is 5.2 Pa to 3.4 kPa. The test performed is a hysteresis technique introduced by Weltmann
and Green [167]. It is widely used for thixotropic particulate suspensions, including
cementitious mixes [21,161,168]. The shear rate was ramped up from 0s™' to 100 s in 60 s
and then down from 100 s to 0 s in 60 s, as shown in Figure 20. The samples were not pre-

sheared prior to the test so that the static yield stress could be quantified. The material was

48



mixed, as indicated in section 2.2, and then collected from the mixer. Concrete samples were
tested at different resting times (0,15,30 and 45 min). Each sample was left undisturbed until
testing time and tested only once to prevent the material from having ashear history (besides
the mixing). Four samples were tested at each time, leading to a total of 16 samples. Time
"0" was considered immediately after the mixing process was concluded. The temperature
during the test was kept at 23+2 C. A visco-plastic Bingham material model was assumed.
This means the fresh material will only flow when submitted to stresses higher than its static
yield stress. Once it does, the relationship between the shear stress and the shear rate will be
linear through a constant called plastic viscosity.

Using the standard test method for hydraulic cement by Vicat Needle ASTM C191—-18a
[169], setting time testing was determined using the standard test method for hydraulic
cement. The slump at time zero was measured using the ASTM C143-15a [170] with a cone
height of 50.8 mm. Both tests were performed after mixing the material, as specified in

section 2.2.

Rheometer

100 + \
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crete

60

Shear rate (1/s)
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20 } \ 55 mm 55 mm 2,

85 mm

0 30 60 90 120
Time (s)

(@) (b)
Figure 20. Rheology test (a) Hysteresis loop test adopted from[21,161]. (b) Shear vane test

with measurement positions modified from [43].

49



Buildability Test
The buildability test is used to determine the number of filaments that can be stacked on top
of each other without having any collapse of the printed structure. The buildability test
method used here was reported in the literature [11]. A 20 mm circular nozzle was used with
a layer height of 10 mm. The number of adjacent filaments was changed from 1 to 3, and the
vertical number of stacked layers up to failure was recorded, as shown in Figure 21. The test
was performed at a constant extrusion rate of 1 rad/s (4.86 L/min). The filament length was

300 mm, and the printing speed 50 mm/s.

(@ (b) (©

Figure 21. Buildability test: (a) one-layer test, (b) two-layer test, and (c) three-layer test.

Compression and Shear Tests
The compression test of the 3D printed concrete cubes was performed using a Tinius Olsen
universal testing machine with a resolution of 1 Ibf (4,45 N) and a maximum capacity of 400
Kip (1779 kN). Five specimens were tested for each direction and printing pattern (a total of

45 3D printed concrete specimens and five regularly cast ones). A displacement rate of
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Imm/min was used during the test. Short beam shear tests were performed parallel to the
interlayer and interfilamentous planes to determine whether failure would occur as a typical
shear failure (Figure 22c¢) or as an interface failure (Figure 22d). Shear strength between both
interfaces (interlayer and interfilamentous) was compared to conventionally cast samples.
The specimen extraction procedure and the test setup are shown in Figure 22. The specimen's
dimensions were 15 mm wide x 30 mm span x 20mm depth. The low span to depth ratio (less
than 4:1 as specified per ASTM D 2344 [171]) would ensure shear failure. Three specimens
were tested for each configuration. Specimens were extracted from different locations of the
same large cube. The test was performed using a Bionix universal testing machine with a
resolution of 1N and a range of 1N-25KN. A displacement rate of 0.5mm/min was used

during the test.
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w= filament width

30 mm
t=layer thickness
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Figure 22. Short beam shear test. (a) Specimen extraction and testing schematic for
interfilamentous (top) and interlayer (bottom) shear test, (b) Specimen during testing, (c)
Shear failure mechanism through the concrete matrix, (d) Shear failure mechanism through

the interlayer interface.

Results and Discussion
Rheological Measurements, Initial Setting Time, and Slump
The hysteresis curves of the 3D print concrete mix were obtained at 0, 15, 30, and 45 minutes

and are shown in Figure 23a. The yield stress, viscosity, thixotropy and their evolution with
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time are shown in Figure 23b, c, and d, respectively. Trendlines based on mean values are

also shown in Figure 23.
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Figure 23. Rheological behavior of the fresh concrete used for 3D printing. (a) Hysteresis

loop test. (b) Viscosity. (c) Static yield stress. (d) Thixotropy. The trendline is based on mean

values.
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Initial static yield stress of 1765 Pa was observed at time "0". This value increased with time,
as expected for a colloidal paste. The initial yield stress falls above the minimum range for a
single 10 mm thickness layer extrusion reported in the literature [51,53] to prevent
gravitational flow from happening. The space between aggregate particles, saturated with the
binder paste, governs the yield stress of the mix. Attractive forces between cement grains
(flocculation) and the development of the hydration process at the contact points result in an
increase of the yield stress over time [51]. The structuration rate is defined as the rate at
which the static yield stress evolves with time [55]. High structuration rates, in addition to
long interlayer printing times, can lead up to the formation of cold joints [55,64,71]. For this
mix, the structuration rate was 53.88 Pa/min. Viscosity values were observed to slightly
increase with time. The measured values were similar to those reported by others [172].
Concrete thixotropy represents the continuous reduction of viscosity with time when a
concrete sample that has been at rest is subjected to flow and the recovery of viscosity as a
function of time when this flow is interrupted [173]. Thixotropy is closely associated with the
ability of the colloidal material to create an internal structure at rest, and it is of paramount
importance for printing applications [53]. Concrete thixotropy of the 3D printed concrete is
reported in Figure 23.d and shows a significant increase with time, as reported by others
[21,161]. The initial setting time results show a setting time of 240 min for the 3D printed
concrete mix. The setting time is closely related to the green strength of the mix. For this
reason, a long setting time is required. However, too long of a setting time can affect the

buildability of the mix. 3D printed concrete showed a slump of 8.5 + 1.8 mm.
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Buildability Test
The buildability results are presented for 1, 2, and 3 adjacent filaments (Figure 24). No signs
of local instability of the filaments were observed in contrast to the observations made by
others [11]. All the buildability specimens failed due to global buckling, as shown in (Figure
24b). For a given layer to be stable, the static yield stress of the subsequent layer must be at
least equal to the gravitational forces exerted on those layers due to the self-weight. This
means that the vertical stress acting on a layer is given by:

Equation 5. Stress buildability criteria under the consideration of gravitational stresses

oy (t) = pgh(t) = pgHt (Equation 5)
Where p and g are the density of the printed material and the gravity constant, and h(t) the
height of the structure above the studied layer at a given time. This height can also be defined
as the printing build-up speed “H” ‘multiplied by the time since deposition of the studied
layer “t”.

The printing build-up speed is critical for this process since the yield stress evolution is time-
dependent. The main factors affecting the buildability test are shown in Figure 24.c.
Furthermore, the strain of the bottom layer must remain below the critical failure strain.

These criteria were satisfied with the concrete mix and printing parameters reported herein.
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Figure 24. Empirical buildability test. (a) Relation between the number of horizontal
filaments and the stacked layers before collapse for the printing and geometrical
configuration shown in Figure 21. (b) Specimen with three adjacent filaments after a

collapse. (c) Factors affecting the buildability test.

Density
The density of the dry cut 120x120x120 mm specimens was measured. 3D printed concrete
showed an average dry density of 2201 kg/m? compared with 2114 kg/m? for conventionally
cast concrete specimens produced using the same mix (Figure 26a). The difference is
statistically significant (T-test, a=0.05), and it can be attributed to the compaction of the 3D
printed concrete due to the filament extrusion process. This printing configuration increases
the density of the extruded material by reducing the total porosity. Similar findings were
reported by other researchers [16,17,20]. However, T-tests (0=0.05) among the specimens
printed with different infill printing patterns showed no significant difference in 3D printed

concrete density.
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Compression and Shear Tests
The stress-strain graphs for the selected median curves are shown in Figure 25. The
compressive strength, compression strain at failure, and Young's modulus of elasticity of the

3D printed concrete specimens are shown in Figure 26b, ¢, and d, respectively.

90 90 90

= 50 A,-" = 50 = 50
[ ” =] [
S 40 /[ Z 40 sS40
- 5 e
£ 30 /v £ 30 £ 30
@ 20 /*" | —Conventional cast @ 20 —Conventional cast @ 20 1 —Conventional cast
7 = [0]:2 X dir =+ [0]2 Y dir & -- [0]12 Z dir
10+ & ==[0,90]¢ X dir 10 + --10,901¢ Y dir wl £ - -[0,90]s Z dir
I [0.,45.90,-45] X dir 1 -[0,45,90,-45]. Y dir 4 -[0.45,90,-45]. Z dir
; g ' 2 ; : i 0 . ; ;
0 0.005 0.01 0.015 0 0.005 0.01 0.015 0 0.005 0.01 0.015
Strain (mm/mm) Strain (mm/mm) Strain (mm/mm)
(a) (b) (©

Figure 25. Comparison between stress-strain graphs for the selected median curves using
conventional cast specimens as a reference. (a) X-direction testing. (b) Y-direction testing.

(c) Z-direction testing

The properties of hardened 3D printed concrete for the different testing directions and for all
the infill printing patterns were compared. It can be observed that the Z direction (printing
direction) is significantly weaker than the X and Y directions (T-test, a=0.05) in terms of
ultimate compressive strength (60 MPa for Z direction and 80 MPa for X and Y directions —
Figure 26b) and shows a lower modulus of elasticity (3.7 GPa for Z direction and 5.5 GPa for
X and Y directions — Figure 26d). However, the strains at failure and the densities are not
significantly different in the three directions (Figure 26¢). This can be attributed to the
difference between the interfilamentous shear strength (shear strength at the interface
between filaments) and the interlayer shear strength (shear strength between layers). Similar

strains at failure for 3D printed specimens have been reported by others [107].
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Figure 26. Properties of hardened 3D printed concrete compared with conventionally cast
concrete: (a) Dry density, (b) Compressive strength, (c) Compressive strain at failure, and

(d) Modulus of elasticity.

We argue that the interfilamentous shear strength is weaker than the interlayer shear strength.
This phenomenon might be attributed to the presence of a selective macro-porosity at the
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interfilamentous interface due to underfilling. Other researchers have reported on the
presence of this type of porosity [16,20,21]. The phenomenon as described in the literature is
depicted in Figure 10. The improved interlayer shear strength (Figure 28b) can be attributed
to the high vertical pressure generated by the printing process compared with the pressures
exerted between the filaments on the same layer. This pressure enhances the interlayer
adhesion to the previous layer independently of the printing pattern. As depicted in Figure
26, the voids between the filaments create weak vertical planes and potential cracks under
vertical (Z direction) loading. Such vertical weak planes will result in weaker mechanical
behavior (strength and stiffness) in the vertical Z directions compared with the in-plane X
and Y directions, thus creating an anisotropic behavior of 3D printed concrete. The size and,
consequently, the effect of these voids at the filament interface is a function of the thickness
to width ratio of the filament, the material rheological properties, and the printing path

configuration and process.

()

Figure 27. Schematic of 3D printed concrete showing potential formation of voids at the
inter-filament vertical planes for the different infill printing patterns. (a) [0]12. (b) [0,90]s.

(c) [0,45,90-,45]5.
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The significance of infill printing patterns on the hardened 3D printed concrete behavior was
analyzed in all the testing directions. No significant differences (T-test, a=0.05) were found
while comparing the ultimate compressive strength, strain at failure, or modulus of elasticity
among all infill printing patterns for each testing direction. This means the infill printing
patterns might have very little to no effect on 3D printed concrete anisotropy. Furthermore,
comparing the 3D printed concrete specimens with the conventionally cast concrete, it can be
observed that the mechanical properties of 3D printed concrete in the X and Y directions are
higher than conventional cast concrete. 3D printed concrete showed a 20% increase in
ultimate compressive strength and a 20% increase in ultimate strain compared with
conventional cast concrete. No significant (T-test, a=0.05) difference was observed in terms
of modulus of elasticity in the X and Y directions for 3D printed concrete compared with
conventional cast concrete.

The improvement in the mechanical properties of 3D printed concrete in the X and Y
directions compared to conventional cast concrete is related to the compaction of the material
during the extrusion process. The filament pressing creates an overall denser structure
[17,58] (the total porosity is lower and the density higher). However, there is selective
distribution of the macro-scale porosity induced by the printing process. These size range
pores can influence overall mechanical performance by acting as stress concentration discrete
areas. The presence of macro-scale pores at the interlayer interface (parallel to the X and Y
directions) is lower while comparing to conventional cast concrete due to the filament
pressing. This would explain the improvement in the mechanical properties of 3D printed
concrete in the X and Y testing directions compared to conventional cast concrete. However,

most of these macro-scale pores are distributed at the interfilamentous interface (parallel to
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the Z-direction). This happens because the pressure and contact between filaments while
printing (especially changing the direction) is not uniform.

Short beam shear tests were performed to demonstrate the difference between the
interfilamentous shear strength and the interlayer shear strength. Three different types of
specimens (interlayer, interfilamentous interfaces, and regular cast concrete) were tested, as
shown in Figure 22. The failure modes and shear test results are shown in Figure 28. It can be
observed that the interfilamentous shear strength with (mean value of 1.47 MPa) and the
shear strength for conventionally cast concrete (mean value of 1.38 MPa) are statistically
significantly weaker (T-test, a=0.05) than the interlayer shear strength (mean value of 1.86
MPa). No significant difference (T-test, a=0.05) was found between the interfilamentous
shear strength and shear strength of conventionally cast concrete. It is important to note that
cracks do not propagate through the interface in all interlayer and interfilamentous shear tests
but rather in the adjacent concrete, as shown in Figure 28. Studying crack propagation

patterns is beyond the scope of this study.
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Figure 28. Short shear beam testing of 3D printed concrete and regularly cast concrete. (a)
The shear failure mode of both 3D printed concrete and conventionally cast concrete. (b)
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Macroporosity
To further explain the described mechanism, we examined the macroporosity of 3D printed
concrete at the interfaces. Light microscopic images were taken from three cuts of concrete

surfaces, as shown in Figure 29.
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Figure 29. Macroscopic porosity observed in 3D printed concrete. (a) Schematic showing
locations investigated for 3D printed specimens. (b) Light microscope photo of conventional
cast specimen where no macropores can be observed. (c) Light microscope photo showing

pores at the interfilamentous interface.

Images of cuts at the interlayer interface, the interfilamentous interface, and a conventionally
cast specimen are shown in Figure 29b, ¢, and d, respectively. While macropores at the
submillimeter scale (i.e., micropores) were observed in cuts at the interlayers' interface

(Figure 29c), relatively large macropores were observed at the interfilamentous interface
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(Figure 29d). The above observations support the argument that pressure exerted during the
printing process reduces the overall porosity of 3D printed concrete. This pressure could be
purposefully used in design modify the final printed properties of the product. However,
significant macro-scale porosity exists at the interfilamentous interface creating weak planes

and significant anisotropy that seems to be independent of the infill printing pattern.
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Chapter 4. Rheological and Mechanical Characterization of 3D Printed

Polymer Concrete

Whereas extensive research has been focused on investigating cement-based 3D printable
concrete, less attention has been made to investigating 3D printed PC. The composition of
PC makes it an excellent alternative for 3D printing. Furthermore, the numerous industrial
PC applications and their vast manufacturing possibilities as precast elements make 3D
printing and automation of PC manufacturing of high relevance. Rheological characterization
is an essential step to produce 3D printed PC. The work presented herein provides a
systematic method to characterize PC's rheology and evaluate the significance of the critical
parameters of PC mix on its rheological properties.

This chapter reports on the potential use of PC for 3D printing applications. The influence of
mix design parameters, specifically rheology modifier content, filler to polymer ratio, and
aggregate to polymer ratio on the rheological properties of a 3D printable PC, are
investigated. The rheological properties of seven PC mixes are tested and characterized. PC
can be described as a Bingham pseudoplastic material, and a Herschel-Bulkley model can
accurately describe its rheological behavior (dynamic shear stress) over time. The evolution
of the static yield stress over time was found to follow an exponential trend. Using these
models to predict PC's dynamic and static yield stress shall enable the design of efficient and
stable 3D printing. Finally, 3D printed PC shows good mechanical performance with
compressive strength above 30 MPa (4351 psi) at seven days of age. Automation of the PC
precast industry using 3D printing will create new opportunities for the use of PC in civil

infrastructure.

65



Rheological Characterization
Materials

A Novolac epoxy resin (Euclid Chemical, Cleveland, OH) was mixed with 44% Benzyl
alcohol hardener (Euclid Chemical, Cleveland, OH) as weight ratio per the manufacturer’s
recommendation. Pyrogenic fumed silica (Cabot Corporation, Alpharetta, GA) with a
hydrophobic surface treatment, a specific surface area of 120 m%/g, and a density of 2.2 g/cm’
was mixed with the resin to modify its rheological properties. Medium-graded silica sand
with a nominal maximum size of 2.36 mm was used. Figure 30 shows the size distribution of
the aggregate used in producing 3D printed PC. This maximum aggregate size was selected

to ensure proper printing resolution for the 40 mm nozzle diameter.
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Figure 30. Sieve size distribution of the sand.

Class-F fly ash (Salt River Materials Group, Scottsdale, AZ) compliant with ASTM C618-19
[174] with a density of 2.3 g/cm?® and silica fume (BASF, Florham Park, NJ) with a density of

2.2 g/cm?® were also used as fillers to increase the packing fraction and consequently the
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mechanical performance. The fly ash to silica fume weight ratio was kept constant at 2:1 for

this investigation. Higher fly ash content was used since it has been proven to yield better

compressive strength for PC [89]. Different proportions of rheology modifiers (fumed silica),

fillers (silica fume and fly ash), and aggregate (sand) were studied to investigate their effect

on the rheological properties of PC. The changes in the PC mixes were made such that the

polymer (resin and hardener) volume fraction of all the mixes were kept between 41-44%.

Seven mix proportions, denoted PC1 to PC7, were investigated and are presented in Table 2.

The effect of each component on the expected rheology of PC was investigated.

Table 2. Mix design and proportions (kg/m3) for 7 PC mixtures*.

Reference Group 1 Group 2 Group 3

PC1 PC2 PC3 PC4 PC5 PC6 PC7
Resin 305.0 3054 304.6 | 311.0 299.2 | 3154 2955
Hardener 135.5 135.7 1353 | 1382 1329 | 140.2 1313
Fumed Silica (FS) 21.4 18.3 243 21.8 20.9 22.1 20.7
Silica Fume (Filler 1) 73.4 73.5 73.3 59.9 86.4 75.9 71.1
Fly ash (Filler 2) 146.8 147.0 146.6 | 1199 1729 | 151.9 1423
Sand 1256.6 | 1258.4 12549 | 1281.5 1232.7 | 1207.2 1301.6
FS/ Resin (%) 7 6 8 7 7 7 7
Filler/Resin (%) 72 72 72 58 87 72 72
Resin /Aggregate (%) 24 24 24 24 24 26 23
Polymer Volume Fraction
%) 43 43 43 44 42 44 41

* 1kg/m® = 1.6856 Ib/yd®, **Polymer = resin + hardener.

The first mix (PC1) is based on two-year research investigations of 3D printed PC and is

denoted herein as the reference mix [175]. Changes were introduced to the reference mix

(PC1) to investigate the significance of the different PC mixture constituents on the
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rheological behavior of 3D printed PC and to develop rheological behavior models to predict
the critical rheological parameters necessary for 3D printing of PC as described in Figure 12.
The mixes PC2 to PC7 were divided into three groups (Group 1, Group 2, and Group 3).
Group 1 includes mixes PC2 and PC3 with varying contents of the rheology modifier (fumed
silica) than the reference mix (PC1). Group 2 includes mixes PC4 and PC5 with varying
content of fillers (silica fume and fly ash) compared with the reference mix (PC1) to
investigate the effect of the filler to polymer ratio. Group 3 includes mixes PC6 and PC7 with
varying content of aggregate compared with the reference mix (PC1) to investigate the

significance of the aggregate to polymer ratio.

PC Mixing and Rheology Characterization
A 4.7-liter bowl-lift standard mixer was used for mixing the PC. The stepwise mixing
protocol is presented in Table 3. Rheology measurements were performed using a Brookfield

RST soft solid tester rotational rheometer (AMETEK Brookfield, Middleboro, MA).
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Table 3. Stepwise mixing protocol and rheology testing of PC.

Time (min) Procedure

0:00
1:00

2:00

3:00
6:00

7:00

22:00
37:00
52:00

Mechanical mixing of the fumed silica in the polymer matrix

Mixing the polymer resin and hardener at low speed for 1 minute

Stop mixing. Scrap the bowl. Add the fine fillers and mix at low speed for
1 minute

Stop mixing. Scrap the bowl. Add the aggregate while mixing at low speed
for 1 minute

Mixing the PC at high speed for 3 minutes

End of mixing and casting rheology samples for different times [0, 15, 30,
and 45 min]

Rheology testing at 0 min from casting

Rheology testing at 15 min from casting

Rheology testing at 30 min from casting

Rheology testing at 45 min from casting

For the PC, a shear vane spindle with a diameter of 20 mm, a length of 40 mm, and a shear

stress range of 5.2 to 3400 Pa was used (Figure 31). The test performed is a hysteresis

technique introduced by Weltmann and Green [167] and is widely used for thixotropic

particulate suspensions, including cementitious mixes [21,161,168]. The shear rate was

ramped up from 0 s~! to 100 s ' in 60 s and then down from 100 s™! to 0 s! in 60 s, as shown

in Figure 31. The rheological behavior of the polymer (mixed resin and hardener) with no

fillers was studied following the same procedure but using a coaxial spindle (40 mm

diameter). The measurement values (Torque and rotational speed) were converted into

rheological parameters (Shear stress and shear rate) using the conversion factors: k & B

depicted in ASTM D4648/D4648M—16 [176].
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Figure 31. Rheology test. From left to right, testing configuration, shear rate input over time,
and typical material response for PC. Arrow 1 indicates an increase in shear rate, while
arrow 2 indicates a reduction in shear rate. tq is dynamic yield stress, and ts is static yield

stress.

Five (5) specimens of 68.5 ml volume were tested for the polymer resin at different testing
times (0, 15, 30, 45 min). Limiting the test time to 45 minutes was based on prior published
work suggesting 30 minutes as the limit for assessing 3D printed concrete [161]. The PC mix
reported herein was designed to be printable for up to 45 minutes. The concrete samples were
not pre-sheared before the test to quantify the static yield stress. The material was mixed, as
indicated in Table 3, and then collected from the mixer.

Five (5) specimens were tested at each time interval (0, 15, 30, and 45 min) for each of the 7
PC mixes, leading to a total of 5*4*7= 140 specimens. The specimen’s geometry for the

rheological test of PC is shown in Figure 31. Each sample was left undisturbed until testing
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time and tested only once to prevent the material from having a shear history (besides the
mixing). Time ‘0’ denotes the time immediately after the mixing process was concluded, as
specified in Table 3. The temperature during the test was kept at 23 £2°C. The typical
hysteresis loop response for the PC is shown in Figure 31.

Rheology Modeling
The typical hysteresis loop response (represented schematically in Figure 31) shows that the
static yield stress 1s is obtained as the peak shear stress in the first part of the hysteresis loop
(increasing shear rate). Thixotropy was calculated as the area under the two curves,
integrated between 20 s and 80 s! as described by other authors [21,161]. The shear stress
at a zero-shear rate in the loop's descending part is defined as dynamic yield stress, 14.
To model, the rheological behavior of PC, a Bingham pseudoplastic material (Figure 12) was
assumed. This implies that the material behaves as a rigid body up to a defined shear stresses
threshold, then it will flow after a shear stress threshold (dynamic yield stress, t4.). After this
point, the relationship between shear stress and shear rate is not linear (pseudoplastic). This
behavior is shown in Figure 31 for the descending part of the hysteresis loop (depicted as 2).
A Herschel-Bulkley [177] generalized model was proven to provide an excellent correlation
to explain the non-linear relationship between the shear rate and the stress experienced by the
material. The Herschel-Bulkley model showed better adherence to the experimental data for
cement pastes compared with Bigham and modified Bigham models at shear rates up to 100
s1 [178]. This Herschel-Bulkley [177] model can be written for a pre-sheared material as
described by Equation 6 and Equation 7.

Equation 6.Time-dependent Herschel-Bulkley model. Liquid-state.

Then .
T>14— T =14 + k(t)y™® (Equation 6)
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Equation 7. Time-dependent Herschel-Bulkley model. Solid-state.

Th
T< 14 = y=0 (Equation 7)

in which &(?) and n(?) are time-dependent material parameters named consistency and flow
index, respectively, and 74 is the dynamic yield (shear) stress representing the stress required
in a pre-sheared sample to start the flow. In this model, the consistency (k) is a constant of
proportionality for a given time. A flow index (n) equal to 1 represents a Newtonian material.
Flow indexes (n) diverging from 1 represent the degree to which materials diverge from the
Newtonian hypothesis (<1 shear-thinning material and >1 shear-thickening material), as
shown in Figure 12. A schematic representation of the model is presented in Figure 31. The
material's response for the decreasing part of the loop (between 80s™! and 0s™!) was fitted into
a Herschel-Bulkley model as specified in Equation 6 and Equation 7. The wall shear stress,
widely known as the shear slip effect, was neglected. Other researchers showed using the
finite element method that for a Herschel-Bulkley (Bingham) material, a local area extends
along the imaginary circle around the tips of the blade. Apart from the region around the tips
or within the circle itself, the shear stress rapidly decreases radially to a value less than the
yield stress of the material [179]. Therefore, the shear stress of the container can be
neglected.

PC Printing, Curing, and Compression Testing
A gantry robot 3D printer with 3 degrees of freedom and a printable area of 2.0 x 2.0 x 2.0 m
was used. Cube specimens of 1.8 in x 1.8 in x 1.8 in (45 x 45 x 45 mm) were printed for the
reference mix PC1 by using a 40 mm diameter nozzle, 10 mm layer height, and 50 mm/s
linear printing speed. The temperature during the printing process was kept at 23 +2 °C. The

extrusion rate represents the rotational speed of the helicoidal extruder that pushes the

72



material through the nozzle (depicted as ® in Figure 14). To print the specimens, it was kept
constant at 4 rad/s (19.2 L/min). For the geometry printed and the printing settings reported
herein, the build-up rate (H), defined schematically in Figure 14, is 0.05 cm/s.

Curing of PC differs from cement concrete [84]. PC is not cured in a humid environment
since there is no hydration process taking place but is typically cured in a dry air environment
at ambient temperature. This is attributed to the fact that curing aims to allowing the
polymerization process to continue and be completed. Studies reported that PC achieves
compressive strength in the range of 70-75% of its target compressive strength after one day
of age [180-182] and most of its strength after seven days of age if cured at ambient
conditions (i.e., 21-24 °C) [183]. Following these recommendations, specimens were air-
cured for 7 days at controlled ambient conditions of 23 £2 °C and then tested. The
compression test of the 3D printed concrete cubes was performed using a Tinius Olsen
universal testing machine with a resolution of 1 Ibf (4,45 N) and a maximum capacity of 400
Kip (1779 kN). 5 cubes 2.0 in x 2.0 in x 2.0 in (51 x 51 x 51mm) were cast as per ASTM
C109/C109M-20b [184]. The compressive strength of standard cubes is compared to the
compressive strength of 3D printed cubes of 1.8 in x 1.8 in x 1.8 in (45 x45 x 45 mm) cut
from the continuously printed filament and tested in the vertical (Z) direction. The difference
in size between the two cubes is negligible, and both specimens satisfy the nominal
maximum aggregate size requirement by ASTM C109/C109M-20b [184]. A displacement
rate of 0.04 in/min (1 mm/min) was used throughout the test. The compressive strength was
calculated as the maximum load obtained during the test divided by the initial cross-sectional

area of the specimen. Figure 32 shows the printing process and the specimens prior to testing.
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(b)

Figure 32. (a) 3D printing of the PC1 mix, (b) conventional cast cubes (left) and 3D printed

cubes after saw cutting from 3D printed filaments (right).

Results and Discussion

The flow properties of the Novolac epoxy polymer (resin and hardener) and its evolution

over time are presented in Figure 33.
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Figure 33. Rheological time-dependent properties of Epoxy Novolac polymer; (a) Newtonian

behavior of the polymer with time; (b) viscosity evolution of the polymer with time.
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It can be observed how the polymer shows a Newtonian flow behavior (schematically
presented in Figure 12). The curves up and down almost match, leaving an area under the
curve close to zero, which means the polymer itself does not show a significant thixotropic
nature. This behavior of Novolac epoxy was reported in the literature [185]. Moreover, the
dynamic yield stress of Novolac epoxy is almost zero. Since the material abides a Newtonian
behavior, the viscosity can be inferred as the slope of the shear stress-shear rate data. The
viscosity evolution over time is apparent in Figure 33b, and it follows an exponential trend
(R?=0.95).

For the PC, as explained above, the shear stress versus shear rate data in the decreasing part
of the hysteresis loop was fitted to a Herschel-Bulkley model. The average coefficient of
determination (R?) of the seven (PC1 to PC7) mixes at time 0, 15, 30, and 45 min was
determined using the least-squares method. The values obtained are 0.97 + 0.02, 0.97 = 0.01,
0.94 + 0.04, and 0.76 £ 0.06 respectively. It should be noted that the model fits very well up
to 45 min, after which the model starts to diverge. The model divergence from the
pseudoplastic behavior at 45 min is attributed to the nature of the polymer. When the resin is
mixed with the hardener, the monomers start to crosslink into polymers (Figure 13) at a
specific rate (polymerization rate). At a given time, the number and length of the polymer
chains start preventing the material from flowing, and the relationship between the shear
stress and the shear rate starts showing instabilities. The consistency (k), flow index (n), and
dynamic yield stress (14), the static yield stress (ts), and the thixotropy (Amix) are presented in
Figure 34, Figure 35, and Figure 36. Figure 34 shows the data for Group 1 (varying content

of rheology modifier), Figure 35 shows the data for Group 2 (varying filler content), and
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Figure 36 for Group 3 (varying aggregate content). For all the figures, the comparison is

made to the reference mix (PC1).
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Figure 35. Effect of fillers (Group 2) on: (a) flow index (n); (b) dynamic yield stress (td), (c)

static yield stress (ts); (d) thixotropy.
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Figure 36. Effect of aggregate (Group 3) on: (a) flow index (n); (b) dynamic yield stress (td),

(c) static yield stress (ts), (d) thixotropy.

The time-dependent evolution of the consistency, 4(?), and flow index, n(?), was found to be
linear. Equation (6) and (7) describe the regression models and their nomenclature.
Equation 8. Linear fitting model for the time-dependent evolution of the consistency, k(t), for

3DPPC

k(t)=A*t + B (Equation 8)
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Equation 9. Linear model for the time-dependent evolution of the flow index, n(t), for 3DPPC

n(t)=C*t+ D (Equation 9)
The linear regression variables A, B, C, D, are presented in Table 4.
Table 4. Time-dependent linear regression for Herschel-Bulkley’s parameters ‘k’ and ‘n’ to

predict the dynamic yield stress of PC.

PCl1 PC2 PC3 PC4 PC5 PCo6 PC7
A 2.042 1.983 2.034 2.217 2.579 2.067 2.928
B 60.2 70.6 46.1 56.2 533 56.4 51.6
R* 0.99 0.95 0.94 0.94 0.97 0.91 0.99

* k(D=A*t+ B

PCl1 PC2 PC3 PC4 PC5 PC6 PC7

C -0.00643 -0.00406 -0.00543  -0.0054 -0.00637 -0.00494 -0.00682

D 0.63 0.57 0.67 0.61 0.66 0.62 0.64

R* 0.99 0.89 0.56 0.95 0.94 0.85 0.98

*n(t=C*t+ D

No significant difference was found at any given time for the flow index () for all the
different mixes. This behavior is depicted in Figure 34(a), Figure 35(a), and Figure 36(a) for
Groups 1 to 3, respectively. The shear-thinning behavior of the PC can be attributed to the
disentanglement of the polymer chains and alignment in the direction of the flow. This
rearrangement would facilitate shearing by reducing the particle-matrix interactions (Figure
13), decreasing the apparent viscosity.

The dynamic yield stress is shown in Figure 34 (b), Figure 35 (b), and Figure 36 (b) for

Groups 1 to 3. It seems to be time-independent of the mix design variables studied. This
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means it is entirely dependent on the resin type rather than other PC mix characteristics such
as particle surface area, particle size, and distribution. The range of values observed was
similar to the one reported by others for cement-based 3D printing concrete [114,161]. The
evolution of the static yield stress with time is shown in Figure 34 (c), Figure 35 (c), and
Figure 36 (c¢) for Groups 1 to 3, respectively. Traditionally, for cement-based materials, the
rate is constant with time, as suggested by [55,56], and the static yield stress of the material
after a resting time ‘¢’ can be calculated using Equation 6. For PC, the static yield stress was
found to grow exponentially with time. The following suggested model predicts the static

yield evolution with time:

Equation 10. Time regression model for the static yield stress.

,(t) = E * F* (Equation 10)
The fitting curve parameters (£ and F) for each one of the 7 PC mixes are presented in Table

5.

Table 5. Time-dependent exponential regression model for the static yield stress.

PCl1 PC2 PC3 PC4 PC5 PCo6 PC7
E 1037.8 800.3 1242.8  833.7 1164.4 841.2 1070.8
F 1.018 1.019 1.022 1.022 1.022 1.022 1.024
R? 0.97 0.96 0.99 0.97 0.99 0.96 0.98

*1.(t) =E * F*

The static yield stress is a physical property of the material [186]. The measured static yield
stress in a specific device and protocol is only dependent on the applied torque. The shear
rate at which the static yield occurs depends on the geometry and protocol used [187].

Nonetheless, E and F are independent of the shear rate, shear stress and its evolution over
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time. Therefore, the static yield stress's proposed equation is independent of the testing
device and protocol used. Researchers [52] reported a similar exponential growth of the bulk
strength for self-consolidated cement-based concrete. Similar values are also reported for
cement-based 3D printing concrete [43,114,161]. The upper and lower contours for all the
mixes (PC1 to PC7) correspond to the high (PC2) and low (PC3) content of the rheology
modifier (fumed silica). This is due to the high surface area of the fumed silica, which
prevents the flow at a higher shear rate due to the high frictional forces. The time-dependent
exponential growth of the static yield stress of PC is beneficial to ensure the stability of the
3D printed geometry as it allows to conduct the printing at a faster rising speed.

The above investigation of the three groups of PC mixes showed that the rheology modifier
content, the filler to polymer ratio, and aggregate to polymer ratio significantly affect the
rheology of PC and specifically the static yield stress and thixotropy, as apparent in Figures
Figure 34 (¢), Figure 35 (¢), and Figure 36 (c) for the static yield stress and Figure 34 (d),
Figure 35 (d), and Figure 36 (d) for the thixotropy. Furthermore, due to its high surface area,
the rheology modifier (fumed silica) seems to have the most significant influence on the
rheology of PC. The significance of the high filler and aggregate content on the rheology of
PC can be attributed to the high volume of particles that will lead to high particle-matrix
interactions, adding resistance to the flow of the PC when a shear rate is imposed. The
thixotropy seems to increase with time for all mixes up to 30 min. The thixotropic behavior
for all the mixes is governed by the Novolac polymerization, as depicted in Figure 14. This
explains why it increases at a similar rate for all the mixes. The magnitude of the thixotropy

values is similar to that reported for cement-based 3D printed concrete [114].
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The average compressive strength of PC1 was 3913.6 +88.4 psi (27.0+0.61 MPa) for the cast
specimens and 4507.2 £269.6 psi (31.1+1.86 MPa) for the 3D printed specimens (PC1). The
difference is statistically significant (7-fest, 0=0.05), showing the 3D printed PC to have
slightly higher strength than conventional cast concrete. The slight improvement in the
compressive strength might be attributed to the low slump of the PC mix designed for 3D
printing, making it unsuitable for conventional casting. Moreover, the nozzle pressure during
the printing results in slight compaction that tends to improve the compressive strength [114].
The above investigation demonstrates the potential use of PC for 3D printing. It also
illustrates the fact that the rheological properties of PC can be engineered through mix design
to meet desired values necessary for 3D printing. Simple models can be developed to predict
the static yield stress evolution over time to ensure efficient and stable 3D printing. Finally,
the above method can be used to optimize the polymer content in the PC mix to reduce the

cost of economic production.
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Chapter 5. The Effect of Carbon Nanofibers on the Rheological and

Mechanical Properties of 3D Printed Polymer Concrete

This chapter examines the effect of carbon nanofibers (CNF) on the rheological and
mechanical behavior of 3D printed polymer concrete (PC). Carbon nanofibers were dispersed
in the polymer resin before mixing. The rheological behavior was studied following the same
methods depicted in Chapter 4. It was found that the presence of CNFs at very low
concentrations (0.5% by resin wt.) has a significant effect on increasing the static yield stress
over time. The mechanisms behind this phenomenon are discussed. The compressive strength
for cast and 3D printed specimens is also improved by using CNFs.

Materials and Methods

A Novolac epoxy resin (Euclid Chemical, Cleveland, OH) was mixed with 44% Benzyl
alcohol hardener (Euclid Chemical, Cleveland, OH) as weight ratio per the manufacturer’s
recommendation. Pyrogenic fumed silica (Cabot Corporation, Alpharetta, GA) with a
hydrophobic surface treatment, a specific surface area of 120 m%/g, and a density of 2.2 g/cm’
was mixed with the resin to modify its rheological properties. Medium-graded silica sand
with a nominal maximum size of 2.36 mm was used. Figure 30 (Chapter 4) shows the
aggregate size distribution used in producing 3D printed PC. This maximum aggregate size

was selected to ensure proper printing resolution for the 40 mm nozzle diameter.

Class-F fly ash (Salt River Materials Group, Scottsdale, AZ) compliant with ASTM C618-19
[174] with a density of 2.3 g/cm?® and silica fume (BASF, Florham Park, NJ) with a density of
2.2 g/em?® were used as fillers to increase the packing fraction and consequently the
mechanical performance. The fly ash to silica fume weight ratio was kept constant at 2:1 for

this investigation. Higher fly ash content was used since it has been proven to yield better
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compressive strength for PC [89]. Different proportions of carbon nanofibers (CNF) were
studied to investigate their effect on the rheological properties of PC. The changes in the PC
mixes were made such that the polymer (resin and hardener) volume fraction of all the mixes
were kept constant. The carbon nanofibers (CNFs) used were supplied by Nanostructured &
Amorphous Materials, Inc. (Texas, USA). The diameter rage is comprised in the 50-200 nm
range and the length in the 1-15 pm range and thus an aspect ratio in the 6.3-100 range. The
purity is greater than 95%, as reported by the manufacturer. A scanning electron microscopic

(SEM) picture of the nanofiber provided by the manufacturer is depicted in Figure 37.

Figure 37. SEM image of carbon nanofiber. Extracted from https://www.nanoamor.com .

Three mix proportions, denoted PC, PCN1, and PCN2, were investigated and are presented

in Table 6.
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Table 6. Mix design and proportions (kg/m’) for the PC mixtures.

PC PCN1 PCN2

Resin 334

Hardener 149

Rheology Modifier 23

Filler 240

Aggregate 1377

Carbon Nanofibers (% of resin wt.) 0.0 0.5 1.0
Polymer Weight Fraction %* 23

1kg/m> = 1.6856 Ib/yd>. *Polymer = resin + hardener.

The first mix (PC) is based on previous investigations of 3D printed PC and is denoted herein
as the reference mix [175]. Changes were introduced to the reference mix (PC) to investigate
the significance of different contents of carbon nanofibers (CNF) on the rheological behavior
of 3D printed PC and to develop rheological behavior models to predict the critical

rheological parameters necessary for 3D printing of PC as described in Figure 12.

PC mixing, CNF dispersion, and Rheology Characterization
A 4.7-liter bowl-lift standard mixer was used for mixing the PC. The stepwise mixing
protocol is presented in Table 3. Rheology measurements were performed using a Brookfield
RST soft solid tester rotational rheometer (AMETEK Brookfield, Middleboro, MA).
The dispersion of the CNFs in the polymer resin matrix for all mixes was performed as
follows: first, the CNF were mixed manually in the polymer matrix and then dispersed
mechanically by using magnetic stirring followed by ultrasonication. The specific CNF
weight (with a tolerance of 0.01g) was added to the polymer matrix. Then the resin was

placed in a hot plate with a magnetic stirrer inside an oil bath and heated to 110 °C. Once the
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temperature was reached, the hot resin with the CNFs was stirred at 800 rpm for two hours.
Then, the solution was placed in an ultrasonication bath (distilled degassed water at 60 °C).
Ultrasonic waves were applied then for two hours. Then the resin was left to cool down
before use. The temperature, stirring speed, and ultrasonic length was chosen so that the
polymer resin does not suffer any molecular polymer damage while reducing the viscosity to
a minimum. This dispersion protocol has been applied by other authors [78,80,188] and has
proven to yield a uniform dispersion of the nanoparticles.
For the rheological testing and characterization, the same methods described in Chapter 4
were applied. Five (5) specimens of 68.5 ml volume were tested for the polymer resin at
different testing times (0, 15, 30 min). Limiting the test time to 30 minutes was based on
prior published work suggesting 30 minutes as the limit for assessing 3D printed concrete
[161]. The concrete samples were not pre-sheared before the test to quantify the static yield
stress. The material was mixed, as indicated in Table 3, and then collected from the mixer.
Five (5) specimens were tested at each time interval (0, 15, and 30 min) for each of the 3 PC
mixes, were tested. The specimen’s geometry for the rheological test of PC is shown in
Figure 31 (Chapter 4). Each sample was tested only once to prevent the material from having
a different shear history. Time ‘0’ denotes the time immediately after the mixing process was
concluded, as specified in Table 3. The temperature during the test was kept at 23 +2°C. The
typical hysteresis loop response for the PC is shown in Figure 31 (Chapter 4).

Rheology Modeling
The same analysis depicted in Chapter 4 was applied to analyze the rheological response of

the material. To model the rheological behavior of PC, a Bingham pseudoplastic material

86



(Figure 12) was assumed. Details on the implications of this model can be found in detail in
Chapter 4.

PC printing, Curing, and Compression Testing
A gantry robot 3D printer with 3 degrees of freedom and a printable area of 6.5 x 6.5 x 6.5 ft
(2.0 x 2.0 x 2.0 m) was used. Cube specimens of 1.8 in x 1.8 in x 1.8 in (45 x 45 x 45 mm)
were printed for the reference mix PC1 by using a 40 mm diameter nozzle, 10 mm layer
height, and 50 mm/s linear printing speed. The temperature during the printing process was
kept at 23 £2 °C. The extrusion rate represents the rotational speed of the helicoidal extruder
that pushes the material through the nozzle (depicted as o in Figure 14). To print the
specimens, it was kept constant at 4 rad/s (19.2 L/min). For the geometry printed and the
printing settings reported herein, the build-up rate (H), defined schematically in Figure 14, is
0.05 cm/s.
The curing of PC differs from cement concrete [84]. PC is not cured in a humid environment
since there is no hydration process taking place but is typically cured in a dry air environment
at ambient temperature. This is attributed to the fact that curing aims to allowing the
polymerization process to continue and be completed. Studies reported that PC achieves
compressive strength in the range of 70-75% of its target compressive strength after one day
of age [180-182] and most of its strength after seven days of age if cured at ambient
conditions (i.e., 21-24 °C) [183]. Following these recommendations, specimens were air-
cured for 7 days at controlled ambient conditions of 23 £2 °C and then tested. The
compression test of the 3D printed concrete cubes was performed using a Tinius Olsen
universal testing machine with a resolution of 1 Ibf (4,45 N) and a maximum capacity of 400

Kip (1779 kN). 5 cubes 2.0 in x 2.0 in x 2.0 in (51 x 51 x 51mm) were cast as per ASTM
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C109/C109M-20b [184]. The compressive strength of standard cubes is compared to the
compressive strength of 3D printed cubes of 1.8 in x 1.8 in x 1.8 in (45 x45 x 45 mm) cut
from the continuously printed filament and tested in the vertical (Z) direction. The difference
in size between the two cubes is negligible, and both specimens satisfy the nominal
maximum aggregate size requirement by ASTM C109/C109M-20b [184]. A displacement
rate of 0.04 in/min (1 mm/min) was used throughout the test. The compressive strength was
calculated as the maximum load obtained during the test divided by the initial cross-sectional
area of the specimen.

Results and Discussion

The flow properties of the Novolac epoxy polymer (resin and hardener) and its evolution
over time is presented in Figure 33 (Chapter 4).

For the PC, as explained above, the shear stress versus shear rate data in the decreasing part
of the hysteresis loop was fitted to a Herschel-Bulkley model. The average coefficient of
determination (R?) of the three mixes at times 0, 15, and 30 min was determined using the
least-squares method. The values obtained are 0.98 = 0.01, 0.98 + 0.01, and 0.94 + 0.05,
respectively. It should be noted that the model fits very well for all the time periods studied.
The consistency (k), flow index (n), and dynamic yield stress (1q), the static yield stress (ts),

and the thixotropy (Awmix) are presented in Figure 38.
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Figure 38. Effect of carbon nanofiber (CNF) on (a) flow index (n); (b) dynamic yield stress

(7a); (c) static yield stress (ts), (d) thixotropy. The time-dependent evolution of the

consistency, k(t), and flow index, n(t), was found to be linear. Equation 8 and Equation 9

(Chapter 4) describe the regression models and their nomenclature.

The linear regression variables A, B, C, D are presented in Table 7.
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Table 7. Time-dependent linear regression for Herschel-Bulkley’s parameters ‘k’ and ‘n’ to

predict the dynamic yield stress of PC with and without CNF.

PC PCN1 PCN2
A 2.042 2.063 1.952
B 60.2 53.4 59.1
R? 0.99 0.99 0.99
* k(D=A*t+ B

PC PCNI1 PCN2
C -0.00643 -0.00550 -0.00112
D 0.63 0.63 0.62
R? 0.99 0.74 0.55

*n(t=C*t+ D

No significant difference was found at any given time for the flow index () for all the
different mixes. This behavior is depicted in Figure 38 (a). The shear-thinning behavior of
the PC can be attributed to the disentanglement of the polymer chains and alignment in the
direction of the flow. This rearrangement would facilitate shearing by reducing the particle-
matrix interactions (Figure 13), decreasing the apparent viscosity.

The dynamic yield stress is shown in Figure 38 (b). It seems to be time-independent of the
mix design variables studied for each mix. Nonetheless, for time 0, it can be observed how
the dynamic yield stress is statistically significantly higher for the mixes containing CNFs.
This could be attributed to the potential physical resistance to flow that the CNFs could
impose due to its high aspect ratio. The range of values observed was similar to those

reported by others for cement-based 3D printing concrete [114,161]. The evolution of the
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static yield stress with time is shown in Figure 38 (c). Traditionally, for cement-based
materials, the rate is constant with time, as suggested by [55,56], and the static yield stress of
the material after a resting time ‘¢’ can be calculated using Equation 10 (Chapter 4). For PC,
the static yield stress was found to grow exponentially with time. The model suggested in
Equation 10 predicts the static yield evolution with time. The fitting curve parameters (£ and

F) for each one of the 7 PC mixes are presented Table 8.

Table 8. Time-dependent exponential regression model for the static yield stress of PC with

and without CNF.

PC PCN1 PCN2
E 1037.8 1329.3 1413.8
F 1.018 1.022 1.02
R2 0.97 0.99 0.99

*1,(t) =E*F!

It is worth mentioning that E and F are independent of the shear rate, shear stress and its
evolution over time. Therefore, the static yield stress's proposed equation is independent of
the testing device and protocol used. Values within the same range are also reported for
cement-based 3D printing concrete [43,114,161]. It can be observed how the increase from
0.5% to 1% CNF content does not seem to have a significant effect on the static yield stress.
Nonetheless, the use of 0.5% CNF does provide a statistically significant increase in the
static yield stress for all tested times. The time-dependent exponential growth of the static
yield stress of PC is beneficial to ensure the stability of the 3D printed geometry as it allows

to conduct the printing at a relatively high rising speed.
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The inclusion of carbon nanofiber (CNF) at low percentages (0.5%) improves the static yield
stress significantly. The difference between the use of 0.5% or 1% CNF content does not
make a significant difference in the rheological behavior of the mix. Due to its high surface
area and aspect ratio, the presence of CNF seems to have a significant effect on increasing
the static yield stress but not on the dynamic yield stress. Similar effects were observed and
reported in ultra-high-performance concrete by other researchers [189]. Before flow starts
(solid regime), the fibers are dispersed randomly within the polymer matrix. When a shear
rate is imposed between two particles, the CNFs tend to align with the flow direction. As the
material transitions between the solid and liquid regime, the shear stress required to initiate
the flow (static yield stress) increases due to the presence of the CNFs. Once the material is
in a flow state, the CNFs are aligned with the flow direction, and therefore the dynamic yield
stress is barely affected by their presence. The mechanisms behind this effect only on the

static yield stress is summarized in Figure 39.

Tl [

T1(6)

Y(ty) Y(t,) Shear rate (1/s)

Figure 39. Alignment of the CNF with the direction of the flow.
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The thixotropy increases with time for all mixes up to 30 min. The thixotropic behavior for
all the mixes is governed by the Novolac polymerization, as depicted in Figure 14. This
explains why it increases at a similar rate for all the mixes. The magnitude of the thixotropy
values is similar to that reported for cement-based 3D printed concrete [114].

The average compressive strength of PC1 was 3913.6 +£88.4 psi (27.0+0.61 MPa) for the cast
specimens and 4507.2 £269.6 psi (31.1+1.86 MPa) for the 3D printed specimens (PC1). For
the PCN1 mix, the average compressive strength for the cast specimens is 4240.7£191.6 psi
(29.2+1.3MPa), and for the 3D printed one, 4780.2+269.5 psi (33.0+0.5MPa). The difference
between printed and not printed is statistically significant (7-zest, a=0.05) for both mixes,
showing the 3D printed PC to have slightly higher strength than conventional cast concrete.
The slight improvement in the compressive strength might be attributed to the low slump of
the PC mix designed for 3D printing, making it not suitable for conventional casting.
Moreover, the nozzle pressure during the printing of 3D printed concrete results in slight
compaction that tends to improve the compressive strength [114]. Also, it can be observed
how the use of CNF improves the compressive strength for both manufacturing techniques
(cast and 3D printed). This difference is statistically significant (7-test, a=0.05) but probably
not significant enough for practical application given the relatively high cost of CNF. The

compressive strength results for PC and PCN1 mixes are reported in Figure 40.
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Figure 40. Compressive strength results for PC and PCNI mixes (MPa).

The above investigation demonstrates the potential use of carbon nanofiber (CNF) for PC 3D
printing as a static yield stress modifier. Simple models can be developed to predict the static

yield stress evolution over time to ensure efficient and stable 3D printing.
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Chapter 6. Textile Reinforcement as an Alternative Reinforcement for 3D
Printing Applications

Textile reinforced concrete (TRC) has gained attention from the construction industry due to
its lightweight, high tensile strength, design flexibility, corrosion resistance, and remarkably
long service life. Some structural applications that utilize TRC components include precast
panels, structural repair, waterproofing elements, and facades. TRC is produced by
incorporating multiple textile fabrics into thin cementitious concrete panels. Premature
debonding between the textile fabric and concrete due to improper cementitious matrix
impregnation of the fibers was identified as a failure-governing mechanism. In this chapter, a
new type of TRC is proposed to overcome this performance limitation by replacing the
cement binder with a polymer resin to produce textile reinforced polymer concrete (TRPC).
The new TRPC is created using a fine-graded aggregate, methyl methacrylate polymer resin,
and basalt fiber textile fabric. Four different specimen configurations were manufactured by
embedding 0, 1, 2, and 3 textile layers in concrete. Through 3-point bending tests, flexural
performance was analyzed and compared with reference TRC specimens with similar
compressive strength and reinforcement configurations.

Furthermore, the crack pattern intensity was determined using an image processing technique
to quantify the ductility of TRPC compared with conventional TRC. TRPC showed
significantly improved flexural capacity, and superior ductility and substantial plasticity
compared with TRC. It is evident that TRPC represents an excellent new material for civil
infrastructure applications.

The TRPC is produced using basalt fiber textile fabrics, well-graded fine aggregate, and

Methyl Methacrylate (MMA) polymer as a binder. This is the first study to examine this type
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of concrete to the best of the authors' knowledge. Flexural testing was conducted on TRPC
with different reinforcement configurations. The flexural capacity, ductility, toughness, and
the crack pattern of TRPC were quantified and compared with conventional TRC fabricated
using Portland cement concrete of similar strength and with the same textile fabric and
reinforcement configurations.
Experimental Methods

Materials
MMA polymer (by Transpo Industries, New Rochelle, NY, USA) was used to produce PC.
The polymer system consists of two parts: a low viscosity MMA monomer resin and a
Benzoyl Peroxide as an initiator. Type I/II Portland cement and a water/cement ratio of 0.25
were used for the conventional concrete mix. BASF Master Glenium 3030 (BASF, Florham
Park, NJ, USA) superplasticizer was used with the conventional concrete mix. A well-graded
fine quartz aggregate with a nominal maximum size of 2.36 mm was used for both cement

concrete and PC mixes. The aggregate size distribution is depicted in Figure 41.
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Figure 41. Sieve size distribution for aggregate used in both TRC and TRPC mixes.
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The nominal maximum size of the aggregate needed to be smaller than the 5 mm window
size of the textile fiber fabric to ensure proper impregnation. The concrete mix proportions
for both the PC mix and the reference conventional concrete mix are presented in Table 9. As
per ASTM C1437-20 [190], the flow values for both TRC and TRPC mixes are 113% and
greater than 160%, respectively. The cement concrete reference specimens were cast and
cured in a standard curing room at 99% relative humidity (RH) and 22 °C for 28 days to
reach the design strength. Studies reported that PC achieves about 75% of its strength within
one day of curing [180-182] and 90% of its full strength after seven days of curing in such
ambient temperatures [183]. PC was therefore left to cure in the lab ambient conditions of
30% RH and 22°C for seven days [84]. Five cylinders, 2 in (50.8 mm) diameter by 4 in
(101.6 mm) height, of each mix were cast to determine the compressive strength of
conventional concrete and PC as per ASTM C39-17b [191]. The mean compressive strength
for the conventional reference concrete after 28 days was 68.9 + 5.1 MPa, and the average
compressive strength of PC mixture after seven days was 53.9 + 5.8 MPa. The cement-based
concrete mix was intentionally designed to have similar or higher compressive strength than
the polymer-based mix to ensure fair comparison. A bidirectional planar basalt fiber textile
mesh (Smarter Building Systems, New Port, Rohde Island, USA) was used for the
reinforcement of both TRC and TRPC specimens. The textile reinforcement material was
selected for being a sustainable material derived from natural resources (e.g. Basalt), being
eco-friendly, and for having resistance to high temperatures, high water absorption, good
mechanical properties, corrosion free, high adhesion to cement matrix, high resistance to sea

water and chemicals and aggressive environment compared with other textile reinforcement
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materials. The characteristics of the basalt fiber textile mesh, as reported by the
manufacturer, are presented in Table 10.

Table 9. Concrete mixture proportion (kg/m’) for the reference conventional concrete and

PC

Reference Conventional Concrete PC

Portland
689 —

Cement
Water 172 —
Superplasticizer 21 —
Aggregate 1378 2002
Polymer Resin - 251

Table 10. Geometry, density, and mechanical characteristics of basalt fiber textile mesh

Window Size 5.00 mm Maximum Load-Weft 45,000 N/m
Total Weight/ Area 220 g/m? Elongation at break-Warp 6.7 %

Weight Resin Coating  No resin coating  Elongation at break-Weft 3.5 %

Breaking Elongation-
Thickness 0.6-0.7 mm 13.5 mm
Warp

Maximum Load-Warp 48,000 N/m Breaking Elongation-Weft 7.1 mm

Mixing and Casting
TRC and TRPC mixtures were mixed using the proportions described above and following
standard concrete mixing protocol. Both mixes were mixed for 3-5 minutes using a 4.7-liter
bowl-lift standard mixer until a uniform mixture is obtained. TRC and TRPC panels of 400 x
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144 x 20 mm (length, width, and thickness) were cast using the conventional concrete or PC

mixture, respectively, and the basalt fiber textile fabrics described above. Four configurations

of TRPC panels were fabricated by incorporating 0, 1, 2, and 3 layers of basalt fabric denoted

as TRPC-0, TRPC-1, TRPC-2, and TRPC-3 respectively. The same reinforcement

configurations were used to fabricate the reference TRC panels, denoted as TRC-0, TRC-1,

TRC-3, and TRC-3. Figure 42 illustrates the configurations of TRPC and TRC panels.
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Figure 42. Schematic representation of the fabricated TRC and TRPC panels incorporating

zero (a), one (b), two (c), and three (d) basalt fiber textile reinforcement layers.

All TRC/TRPC panels, regardless of the number of textile reinforcement layers used, were

cast in four layers following a layer-by-layer method. A layer of fresh concrete (or PC) was

placed first, and the basalt fiber textile fabric was placed at the desired thickness location

afterward. The second layer of fresh concrete (or PC) was cast, and the process was repeated
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until the total thickness of the specimen was obtained. Figure 43 shows the fabrication setup
of the TRPC panels. All TRC and TRPC panels were demolded after 24 hours and then cured
using the two curing protocols of 28 days in 99% RH for conventional concrete and seven

days in 30% RH for PC as described above.

Figure 43. Process for the fabrication of TRC and TRPC panels. Left. Mold. Middle.
Addition of an intermediate basalt fiber textile fabric above the concrete or PC layer. Right.

TRC panel after fabrication.

Flexure Test Setup
The TRC/TRPC panels were cut into 400 mm x 35 mm x 20 mm (length x width x thickness)
prisms using a waterjet cutting machine. The prisms were tested in three-point bending with
a span length of 330 mm, achieving a span-to-depth ratio of 16.5. The deflection at the
midspan location was measured using a linear variable differential transducer (LVDT). The
load and displacement of the load cell were also recorded using MTS® Bionix servo-
hydraulic system with a range of 0-25 kN and a resolution of 1 N. For testing, a displacement

rate of 0.5 mm/min was imposed at the mid-span location. Three specimens were tested for
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each TRC/TRPC reinforcement configuration. The test setup is shown in Figure 44(a). The
three-point bending test setup included the digital image acquisition system to capture crack
patterns during testing. The crack pattern intensity was quantified via digital image
processing technique to assess the ductility of TRC/TRPC. Photoshop® and Image]®
software were employed for examining the cracking pattern. Details for the method used for
image transformation and processing have been described elsewhere [192]. Two types of

cracks were analyzed, horizontal and vertical cracks, to assess the flexural ductility and the

concrete-fabric bond strength. Figure 44 (b) shows the digital image data acquisition.

- A

Load cell

Digital
camera

(@) (b)
Figure 44. Three-point bending test setup. (a) Specimen during testing and LVDT

displacement recording system, (b) Digital image data acquisition system.

Results and Discussion

The median load-deflection curves of the three-point bending tests of TRC and TRPC
specimens with different textile layers are shown in Figure 45. The mean flexural strength,
deflection at maximum load, and toughness (energy absorption up to a post-peak residual

capacity of 25% of the maximum load) of TRC and TRPC for the different reinforcement
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configurations are presented in Figure 46. Similar mechanical properties (flexural strength in

the order of 6.0 to 8.0 MPa) for TRC were reported by other researchers [140].

700

s

R
.
.
s
o

~
>
<>
3

59"

Booims

WSS

[

S

=}
Q93

Deflection (mm)

<% TRC-0 - TRC-1 ~a-TRC-2 ~o- TRC-3 —x~TRPC-0 —~—TRPC-1 ——TRPC-2 ——TRPC-3

Figure 45. Load-displacement response of TRPC specimens with the different number of
textile layers compared with TRC. Three specimens were tested for each case. One median
test specimen is shown for each type for clarity. Inset shows a close-up to show the behavior

of TRC.

Figure 45 and Figure 46 show the superior mechanical performance of TRPC in terms of
flexural strength, deflection at peak load, and toughness for all the TRPC specimens
compared with conventional TRC. The improvement in the mechanical behavior can be
attributed to the higher tensile capacity and ductility of the polymer (as depicted by
comparing TRC-0 to TRPC-0) and its better bond with the basalt fibers compared with
cement paste. The figures also demonstrate the fact that the behavior of reinforced and

unreinforced TRPC specimens is significantly different compared with TRC. For instance,
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for TRC specimens, the addition of textile reinforcement layers did not significantly affect
the flexural strength or deflection at peak load. This can be explained by the limited bond
strength between the fibers and the cementitious matrix due to the high viscosity of the
cement slurry, and consequently, the low penetrability of the cement matrix to the fiber
mesh. On the other hand, the difference in terms of toughness for the TRC configurations is
statistically significant (#-test, 0=0.05) due to the difference in post-peak behavior between

the reinforcement configurations.
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Figure 46. (a) moment, (b) deflection at maximum load, and (c) toughness, measured up to a

post-peak residual capacity of 25% of the maximum load for TRC and TRPC with different

textile reinforcement layers.

The addition of two and three textile layers in the TRPC specimens significantly increased

the maximum moment compared with TRPC-0. The use of two and three layers of basalt

textile fabric improved the maximum moment of TRPC-2 and TRPC-3 by 11.5 % and
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59.5%, respectively, compared with TRPC-0. Similar behavior is observed for the deflection
at peak load, which increased by 225% and 432% for TRPC-2, and TRPC-3, respectively,
compared with TRPC-0. Statistical analysis shows that the difference in performance for
TRPC-1 compared to TRPC-0, in terms of maximum moment, is not statistically significant
(z-test, 0=0.05). This is due to the low efficiency of the reinforcement when placed at the
neutral axis position at the mid-height. Nevertheless, the post-peak behavior is significantly
improved, as shown in Figure 45 and reflected in the toughness depicted in Figure 46 (c).

To assess the effect of fabric layers on the post-peak mechanical behavior of the panels, the
flexural toughness was quantified and compared. The results show significant improvement
of TRPC energy absorption by 354%, 371%, and 996% with the addition of one, two, and
three basalt-fiber layers. The significant improvement in ductility/energy absorption depends
on the improved load and deflection capacity and depends on the TRPC panels' ability to
continue carrying the load after exceeding the maximum capacity. Figure 45 shows that as
the number of fabric layers increase, the residual load capacity of TRC/TRPC increases. For
TRC, the toughness also improves as the number of basalt-textile layers is increased. The use
of 1, 2, and 3 layers of basalt fiber textile fabric resulted in improving the toughness of TRC-
1, TRC-2, and TRC-3 by 131%, 228%, and 394%, respectively, compared with TRC-0. It is
apparent that the improvement in toughness for TRC is much more limited compared with
TRPC. It is also evident that the mechanical behavior of TRPC outperforms TRC for all the
reinforcement configurations.

The crack pattern in TRC and TRPC specimens was analyzed using a digital image
correlation system (DIC) for both horizontal and vertical cracks to assess cracking intensity

and ductility. Crack pattern analysis results for horizontal and vertical cracks are presented in
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Table 11 and Table 12. Moreover, examples of crack patterns for different TRC and TRPC

specimens are shown in Figure 47.

Table 11. Horizontal crack length and width (mm) for TRC and TRPC (Mean values).

Specimen Horizontal crack length *  Horizontal crack width*
TRC-0

TRC-1

TRC-2 No horizontal crack

TRC-3

TRPC-0

TRPC-1 34.6 0.24

TRPC-2 51.3 0.45

TRPC-3 27.5 0.75

* Coefficient of variation (CV<0.5) for all samples.

Table 12. Vertical crack area (mm2) and width (mm) for TRC and TRPC (Mean values)

Specimen Vertical crack area™ Vertical crack width*
TRC-0 4.28 0.39
TRC-1 9.46 0.58
TRC-2 13.42 0.65
TRC-3 17.81 0.85
TRPC-0 4.8 0.29
TRPC-1 27.0 1.04
TRPC-2 42.7 1.84
TRPC-3 113.8 2.40

* Coefficient of variation (CV<0.5) for all samples.
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Figure 47. Cracking pattern for TRC and TRPC specimens with different reinforcement

configurations recorded using DIC on the side of the specimens. Red continuous lines

represent the contours of the specimens. Dotted marked lines represent the location of the
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textile reinforcement. (a) TRC-0 (b) TRPC-0 (c) TRC-1 (d) TRPC-1 (e) TRC-2 (f) TRPC-2 (g)

TRC-3 (h) TRPC-3.

Table 11 and Figure 47 show that no horizontal cracks were observed for all TRC
reinforcement configurations and TRPC-0 configurations. This indicates that the vertical
cracks grow relatively unrestricted with the absence of intermediate reinforcement. This is
also an indication of the relatively low plasticity of TRC and TRPC without any textile
reinforcement due to the absence of a mechanism to divert and deviate crack propagation. On
the other hand, horizontal cracks were observed in all TRPC specimens incorporating textile
reinforcement. The propagation of horizontal cracks delayed failure and thus provided
additional plastic and ductile behavior. The presence of horizontal cracks might be
influenced by the interface debonding due to the chemical adhesion between the textile yarn
and the matrix. The development of horizontal cracks also demonstrates the ability of the
textile fabric to improve fracture toughness for TRPC specimens compared with
conventional TRC. The resistance to crack extension could be attributed to the good bond
strength between the basalt textile fabric and PC. In TRC, the limited bond strength between
the basalt textile fabric and cement matrix leads to lower cracking strength, resistance to
crack propagation, and flexural capacity compared with TRPC. It is also apparent that the
width of horizontal cracks depends on the number of textile reinforcement layers for the
TRPC specimens. As the number of textile layers increased, the average crack width
increased, demonstrating the ability of TRPC to sustain residual load while having a
considerable level of damage in the specimen. For instance, the average crack width of

TRPC-2 was 0.45 mm, which is about twice the average crack width of TRPC-1 of 0.24 mm,
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and the average crack width of TRPC-3 was 0.75 mm, which is about three times that of
TRPC-1.

The assessment for vertical cracks is presented in Table 12. It can be observed that the
average vertical crack width increases as the number of fabric layers increase for both TRC
and TRPC systems. The crack area also increased by increasing the number of textile layers.
It is worth mentioning that TRPC-3 observed an average width of vertical crack of 2.4 mm, 8
times the average crack width of 0.29 mm observed for TRPC-0. Also, the crack area of
113.8 mm? for TRPC-3 was about 24 times of 4.8 mm? observed for TRPC-0. The use of
three layers of basalt fiber provided superior strength and ductility to TRPC.

It is remarkable to compare the performance of TRPC cracking in terms of vertical crack
width and area to that of TRC. The vertical crack width for TRPC-1, TRPC-2, and TRPC-3 is
79%, 183%, and 182% higher than the vertical crack width observed for TRC-1, TRC-2, and
TRC-3 respectively. The vertical crack area for TRPC-1, TRPC-2, and TRPC-3 is 185%,
218%, and 538%, respectively, higher than the vertical crack area observed for TRC-1, TRC-
2, and TRC-3. It is important to note that the cement-based mix has a compressive strength
28% higher than the polymer-based mix. However, TRPC shows a much-improved flexural
behavior regarding vertical cracking for all reinforcement configurations compared with
TRC. This is due to the high tensile strength and ductility of TRPC. To further understand the
failure mechanisms of TRPC and TRC, images of failed specimens were analyzed, as shown

in Figure 48.
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(©) (d)
Figure 48. (a) Brittle failure of TRC-3. (b) Ductile failure of TRPC-3. (c) Close-up image of

the side view of TRC-3 specimen after failure showing fiber yarn failure. (d) Close-up image
of a bottom view of the TRPC-3 showing rupture of fiber yarns leading to the formation of

wide cracks in TRPC.

The difference in failure mechanisms between TRC and TRPC is shown in Figure 48 (a)—(b).
The images show that a vertical crack propagated the whole depth of textile-reinforced TRC.
However, the textile reinforcement in TRPC managed to divert the crack and results in a
horizontal crack that allowed the specimen to continue carrying loads while demonstrating a
plastic behavior. The progressive crack propagation in the case of TRPC is also evident from

the load-displacement curves shown in Figure 45. Figure 48(c)—(d) show close-up images of
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the failure location of TRC-3 and TRPC-3, respectively. The fiber bridging mechanism in
TRPC has contributed to improving the load-carrying capacity, deformation capacity,
ductility, and plasticity of the TRPC panels. It is hypothesized that the strong fiber bridging
and yarn failure in TRPC stems from a good bond strength between the textile fabric and the
polymer matrix compared with the weak bond between the textile fabric and the cement
matrix as reported by others in TRC [152]. To investigate this behavior, sagittal cuts using a
precision saw with a wafering diamond blade were made in the intact and uncracked sections
of the beam specimens. The specimens at the interface between the textile and matrix were
analyzed using light microscopy. The light microscopic pictures of the sections for TRC and

TRPC specimens for three different resolutions are depicted in Figure 49.
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(e) )

Figure 49. Light-microscopy pictures at a sagittal cut (through the textile-matrix interface)

at three different resolutions (macro to micro-scale with left bottom corner image bar

showing 5.00 mm, 1.0 mm, and 0.2 mm) for TRC (a, b, and c) and TRPC (d, e, and f).
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It can be observed from the above images how for the TRPC composite, the polymer
impregnates the fiber yarns very well (Figure 49 (f) compared with TRC (Figure 49 (c)),
where an apparent absence of impregnation can be observed. The ability of the fresh slurry to
impregnate the textile fabric is apparently a critical factor that affects the bond strength
between the polymer or cement matrix and the textile fabric. It is evident that the polymer
material has a much higher flowability (>160% as per ASTM C1437-20 [38]) than the
cement paste (113% as per ASTM C1437-20 [38]), which results in much-improved
impregnation of the polymer to the textile fabric compared with the cement paste. This
concept is schematically presented in Figure 50. Previous research showed that improper
impregnation of textile fabric associated with the use of cementitious matrix in conventional
TRC caused properly impregnated outer fiber filaments and poorly impregnated central
filaments [149,150]. The improper impregnation of fiber filaments leads to reduced contact
surface area between the matrix and the fibers, limiting the bond strength and resulting in
limiting the fibers' ability to bridge cracks. Fiber debonding rather than fiber rupture becomes
the primary failure mechanism in TRC. In contrast with TRPC, the polymer's low viscosity
and high wettability compared with cement result in proper textile fabric impregnation. Good
impregnation of the textile fibers improves the bond strength and leads to improved fiber
crack bridging and enhanced flexural strength and resistance to crack propagation. Basalt
yarn rupture is shown in Figure 48(d) as proof of the relatively high bond of basalt textile and
the polymer matrix. The improved impregnation and bond also allow the TRPC to make use
of the polymer matrix's high failure strain, thus resulting in significant improvement in TRPC
ductility compared with TRC. The above difference in impregnation and bond between the

matrix and the textile fabric results in a difference in stress transfer in TRPC compared with
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TRC. In TRC, shear forces are typically transferred between the fibers and cementitious
matrix via friction due to poor adhesion. On the other hand, TRPC relies on the superior
adhesion between fibers and the polymer matrix to transfer the shear forces and stress
transfer through friction.

Yarn Textile fiber

TRPC showing higher
penetrability into the

Cement yarn than TRC due to P2 A 1l 2N Polymer

paste the lower viscosity and ‘...... soncrete

higher wettability of the
polymer compared with
cement matrix.

Voids

Higher matrix
strain at failure

Frictional Matrix strain
stress transfer compatibility

Figure 50. Leading factors affecting the mechanical behavior at the matrix-yarn interface for

TRC/TRPC composites.

The above experimental investigations showed the improved flexural performance of TRPC
represented by improved strength and superior ductility and plasticity compared with TRC.
Limitations of the above study include the absence of test data related to the direct tension
behavior of TRPC compared with TRC. Further research is also warranted to identify the
optimal location and number of the textile fabrics in the composite. Furthermore, the
significance of the fiber types or density was not examined. Other types of less expensive
fibers than basalt fibers (e.g., bamboo fibers) should be studied. Finally, the ability to
combine basalt fibers and sustainable polymers to produce a new sustainable TRPC should

be considered in future research.
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Chapter 7. Textile Reinforced 3D Printed Concrete and Polymer Concrete

Textile reinforcement is highly amenable with additive manufacturing technology for both
in-plane and out-of-plane reinforcement. This chapter analyzes the mechanical performance
of in-plane textile reinforced 3D printed concrete and polymer concrete. To do so, textile
reinforced slabs were 3D printed and then tested in a 3-point bending configuration to study
the reinforcement effect. It was found that for 3DP textile-reinforced concrete, textile
reinforcement seems to affect the post-peak behavior positively. On the other hand, due to
the specific nature of the polymer concrete mix, the addition of textile layers had a
detrimental effect on mechanical performance. The mechanisms behind this phenomenon are
discussed herein.
Experimental Methods

Materials
A high-performance 3D printable concrete mix was designed. Fresh-state properties such as
rheology, extrudability, and buildability were considered. High compressive strength in the
hardened state was addressed by selecting a high content of pozzolanic materials with respect
to aggregate [43]. A well-graded aggregate with a maximum nominal aggregate size of 2.36
mm and a predominant range comprised of between #20 to #50 (0.8-0.3 mm) was used.
Figure 41 shows the particle size distribution of the aggregate used in producing 3D printed
concrete. This maximum aggregate size ensures proper printing resolution for the 20 mm
nozzle diameter used in printing.
Type I-11 Portland cement, type-F fly ash, and silica fume (Rheomac SF 100, BASF group)
were used. The binder (cement, silica fume, and fly ash) to aggregate ratio and the pozzolanic

material's content (cement and silica fume) to the total binder weight were adopted based on
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the recommendations by Le et al. [43]. The mix also included a polycarboxylate-based high-
range water-reducer (HRWR) admixture (MasterGlenium 3030, BASF group). This HRWR
meets ASTM C494/C 494M requirements for Type F, high-range water-reducing, admixtures
[160]. It was added in a dosage of 1.05% to the binder by weight. Previous researchers
showed that such content is adequate to reduce the water-binder ratio and achieve
satisfactory rheological properties [43,161]. The water to binder ratio was kept at 0.28.
Concrete mix design proportions used in the 3D printed concrete are presented in Table 13.

Table 13. Concrete mix proportions used for 3D printed concrete.

Component Quantity (kg/m3)
Cement 546

Fly ash 156

Silica Fume 78

Sand 1171

Water 219

HRWR 8.20

Methyl Methacrylate (MMA) polymer (by Transpo Industries, New Rochelle, NY, USA) was
used to produce PC. The polymer system consists of two parts: a low viscosity MMA
monomer resin and a Benzoyl Peroxide as an initiator. Pyrogenic fumed silica (Cabot
Corporation, Alpharetta, GA) with a hydrophobic surface treatment, a specific surface area of
120 m?/g, and a density of 2.2 g/cm® was mixed with the resin to modify its rheological
properties. Type-F fly ash (Salt River Materials Group, Scottsdale, AZ) compliant with
ASTM C618-19 [174] with a density of 2.3 g/cm® was also used as a filler to increase the

packing fraction and consequently the mechanical performance. A well-graded fine quartz
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aggregate with a nominal maximum size of 2.36 mm was used for both cement concrete and

PC mixes. The aggregate size distribution for both aggregates is depicted in Figure 41.
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Figure 51. Sieve size distribution for aggregate used in both polymer concrete (3DP-PC) and

cement concrete (3DPC) mixes.

The nominal maximum size of the aggregate needed to be smaller than the 5 mm window

size of the textile fiber fabric to ensure proper impregnation. The polymer concrete mix

proportions are presented in Table 14.

Table 14. Concrete mix proportions used for 3D printed polymer concrete.

Component Quantity (kg/m®)
Polymer 188.8
Hardener 7.6
Fumed silica 23.6
Type-F fly ash 466.7
Aggregate 1132.6
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The cement concrete reference specimens were printed and cured in a standard curing room
at 99% relative humidity (RH) and 22 °C for 28 days to reach the design strength. Studies
reported that PC achieves about 75% of its strength within one day of curing [180-182] and
most of its total strength after seven days of curing in such ambient temperatures [183]. PC
was therefore cured at 85 C for seven days.
Five cylinders, 2 in (50.8 mm) diameter by 4 in (101.6 mm) height, of each mix were cast to
determine the compressive strength of conventional concrete and PC as per ASTM C39-17b
[191]. A bidirectional planar basalt fiber textile mesh (Smarter Building Systems, New Port,
Rohde Island, USA) was used to reinforce TRC and TRPC specimens. The basalt fiber textile
mesh characteristics are presented in Table 10 (Chapter 6) as reported by the manufacturer.
Mixing and Printing
TRC and TRPC mixtures were mixed using the proportions described above and following
standard concrete mixing protocol. Both mixes were mixed for 3-5 minutes using a 4.7-liter
bowl-lift standard mixer until a uniform mixture is obtained. TRC and TRPC panels of
20mm thickness were 3D printed using a cartesian 3D printer, as depicted in Figure 53. The
basalt fiber textile fabrics described above were placed by pausing the printing after the
deposition of the substrate layer, as depicted in Figure 52. Four configurations of 3DP-TRPC
panels were fabricated by incorporating 0, 1, 2, and 3 layers of basalt fabric denoted as 3DP-
TRPC-0, 3DP-TRPC-1, 3DP-TRPC-2, and 3DP-TRPC-3, respectively. The same
reinforcement configurations were used to fabricate the reference 3DP-TRC panels, denoted
as 3DP-TRC-0, 3DP-TRC-1, 3DP-TRC-2, and 3DP-TRC-3. Figure 52 illustrates the

configurations of 3DP-TRPC and 3DP-TRC panels.

118



Sem/s Sem/s

0 Textile 1 Textile
reinforcement layer reinforcement layer

3DP TRC-0/TRPC-0 3DP TRC-1/TRPC-1

2 Textile
{ reinforcement layers

3 Textile
reinforcement layers

3DP TRC-2/TRPC-2 3DP TRC-3/TRPC-3

Figure 52. Schematic representation of the printed TRC and TRPC panels incorporating zero

(a), one (b), two (c), and three (d) basalt fiber textile reinforcement layers.

All TRC/TRPC panels, regardless of the number of textile reinforcement layers used, were
printed in four layers. A layer of fresh concrete (or PC) was printed first, and the basalt fiber
textile fabric was placed at the desired thickness location afterward. The second layer of
fresh concrete (or PC) was printed, and the process was repeated until the total thickness of
the specimen was obtained. Figure 52 shows the fabrication setup of the 3DP-TRPC panels.
All TRC and TRPC panels were cured using the two curing protocols of 28 days in 99% RH

for conventional concrete and seven days in 30% RH and 80C for PC as described above.
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(c) (d)

(e) ®
Figure 53. Process for the fabrication of 3DP-TRC and 3DP-TRPC panels. (a) Gantry robot

printer system. (b) Printing of a PC substrate layer. (c) Placement of the basalt textile
reinforcement. (d) Printing over the textile reinforcement. (¢) 3DP-TRPC specimen before

waterjet cutting. (f) Specimens after waterjet cutting.
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Flexure Test Setup
The TRC/TRPC panels were cut into 400 mm x 35 mm x 20 mm (length x width x thickness)
prisms using a waterjet cutting machine. The prisms were tested in three-point bending with
a span length of 330 mm, achieving a span-to-depth ratio of 16.5, as depicted in Figure 53
(f). The deflection at the midspan location was measured using a linear variable differential
transducer (LVDT). The load and displacement of the load cell were also recorded using
MTS® Bionix servo-hydraulic system with a range of 0-25 kN and a resolution of 1 N. For
testing, a displacement rate of 0.5 mm/min was imposed at the mid-span location. Five
specimens were tested for each TRC/TRPC reinforcement configuration. The test setup is
shown in Figure 54 (a). The three-point bending test setup included the digital image
acquisition system to capture crack patterns during testing. The crack pattern intensity was
quantified via digital image processing technique to assess the ductility of TRC/TRPC.
Photoshop® and ImageJ]® software were employed for examining the cracking pattern.
Details for the method used for image transformation and processing have been described
elsewhere [192]. Two types of cracks were analyzed, horizontal and vertical cracks, to assess
the flexural ductility and the concrete-fabric bond strength. Figure 54 (b) shows the digital

image data acquisition.
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Figure 54. Three-point bending test setup. (a) Specimen during testing and LVDT

displacement recording system; (b) Digital image data acquisition system.

Results and Discussion

The mean compressive strength for the conventional reference concrete after 28 days was
62.9 + 5.6 MPa (for cast specimen as depicted in Figure 26, Chapter 3). The PC mix was
modified from the one shown in Chapter 6 (average compressive strength after seven days
53.9 £ 5.8 MPa). The cement-based concrete mix was intentionally designed to have similar
or higher compressive strength than the polymer-based mix to ensure a fair comparison.

The median modulus of rupture (MoR)-displacement curves of the three-point bending tests
of 3DP-TRC and 3DP-TRPC specimens with different textile layers are shown in Figure 55.
The mean moment capacity of TRC and TRPC for the different reinforcement configurations

are presented in Figure 56.
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Figure 55. Load-deflection response of 3DP-TRPC specimens with different textile layers

(top) compared with 3DP-TRC (bottom). Five specimens were tested for each case.
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Figure 56. Moment capacity for 3DP-TRC and 3DP-TRPC with different numbers of textile

reinforcement layers.

While comparing 3DP-TRC reinforcement configurations, Figure 55 and Figure 56 show
that the addition of textile reinforcement layers did not significantly affect the maximum
moment. This was also observed in Chapter 6 for distinct layer cast specimens, and it is
attributed to the limited bond strength between the fibers and the cementitious matrix due to
the high viscosity of the cement slurry, and consequently, the low penetrability of the cement
matrix to the fiber mesh. Nonetheless, the post-peak behavior is significantly different due to

the action of the reinforcement.

For 3DP-TRPC, Figure 55 and Figure 56 show the superior mechanical performance of
3DP-TRPC-0 (no reinforcement) while compared to 3DP-TRC and 3DP-TRPC with other
reinforcement configurations. While comparing 3DP-TRPC configurations, it can be seen

how adding reinforcement seems to have a detrimental effect on the maximum moment of
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the composites. This can be attributed to the fact that the MMA polymer has a very low
viscosity, but then it is modified by adding fumed silica (very high surface area) to meet the
rheological criteria for 3D printing. The particle system has increased the surface area
significantly due to using high surface area modifiers, and the coating polymer thickness
wetting each particle is significantly reduced. The fact that the thickness of this coating is
shallow has a detrimental effect on the wettability of the polymer on the fiber yarns. This is
depicted in Figure 58. Despite the 3DP-TRPC mix having a maximum moment capacity two
times higher than the 3DP-TRC mix (unreinforced configuration), once the textile
reinforcement is implemented, the mechanical performance drops significantly due to the
inability of the mix to wet and penetrate the fiber yarns. There is then no composite action
between the fiber and the matrix, and the fiber planes are the ones that first fail to propagate

the cracks through them. This low penetrability is depicted in Figure 58.

Due to the poor performance of the 3DP-TRPC mixes, only the crack patterns of 3DP-TRC
mixes were studied. The crack pattern was analyzed using a digital image correlation system
(DIC) for both horizontal and vertical cracks to assess cracking intensity and ductility. Crack
pattern analysis results for horizontal and vertical cracks are presented in Table 15. None of
the 3DP-TRC specimens showed any horizontal cracks (also observed for TRC specimens,
Table 11, Chapter 6). This can be explained due to the brittle behavior of the composite
material due to the low tensile strength of the cement-based mix. Moreover, examples of

crack patterns for different 3DP-TRC and specimens are shown in Figure 57.
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Table 15. Vertical crack area (mm?) and width (mm) for 3DP-TRC (Mean values + standard

deviation)
Specimen Vertical crack area Vertical crack width
3DP-TRC-0 490 + 2.38 036 + 0.19
3DP-TRC-1 1147 + 4.13 0.56 + 0.33
3DP-TRC-2 12.85 + 1.00 0.67 + 0.39
3DP-TRC-3 1730 + 1.69 093 + 0.58

The assessment for vertical cracks is presented in Table 15. It can be observed that the
average vertical crack width increases as the number of fabric layers increase. The crack area
also increased by increasing the number of textile layers. It is worth mentioning that 3DP-
TRC-3 observed an average area of the vertical cracks of 17.30 mm2 that of 3 times the one
observed for 3DP-TRC-0. The use of three layers of basalt fibers provided superior strength
to 3DP-TRC and improved the post-failure response, as depicted in Figure 55. Figure 57
shows the cracking patterns for the different 3DP-TRC configurations. The absence of
horizontal cracks for all the reinforcement systems and the increase in vertical crack area and

width as the number of reinforcement layers is increased can also be noted.
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(a) 3DP-TRC-0 (b) 3DP-TRC-1
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(c) 3DP-TRC-2 (d) 3DP-TRC-3

Figure 57. Cracking pattern for 3DP-TRC with different reinforcement configurations
recorded using DIC on the side of the specimens. (a) 3DP-TRC-0 (b) 3DP-TRC-1 (c) 3DP-

TRC-2 (d) 3DP-TRC-3.

To further understand the failure mechanisms of 3DP-TRC, images of failed specimens were

analyzed, as shown in Figure 58.
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Figure 58. Pictures of the failure modes for 3DP-TRC (a, and b) and 3DP-TRPC (c and d).

From Figure 58. It can be observed how the polymer concrete fails to impregnate the fiber
yarns due to the factors mentioned above (Figure 58 d). This results in a failure mode
consisting of a vertical crack propagating to the reinforcement plane and propagating
horizontally.

The ability of the matrix to impregnate the textile fabric is a critical factor that affects the
bond strength between the polymer or cement matrix and the textile fabric. The polymer
material fails to impregnate the textile fabric compared with the cement paste. Previous
research showed that improper impregnation of textile fabric associated with the use of
cementitious matrix in conventional TRC with outer fiber filaments properly impregnated

and central filaments poorly impregnated [149,150]. The improper impregnation of fiber
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filaments leads to reduced contact surface area between the matrix and the fibers, limiting the
bond strength and the fibers’ ability to bridge cracks.

For 3DP-TRC specimens, a fiber rupture mechanism prevails (Figure 58 a, b). On the other
hand, for 3DP-TRPC, fiber debonding rather than fiber rupture becomes the primary failure
mechanism.

This work analyzes the potential use of the textile reinforcement technique for concrete and
polymer concrete additive manufacturing. While the effect of textile reinforcement on 3DP
concrete was positive (improving the post-peak behavior), the effect for polymer concrete
was found to be detrimental due to the nature of the polymer used for the mix (very low
viscosity). To achieve a printable mix, the low viscosity polymer was modified (in terms of
rheology) by adding a high surface area fumed silica. This reduced the particle polymer

coating thickness reducing the wettability of the fiber yarns dramatically.
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Chapter 8. Concrete 3D Printing as an Emerging Technology to Improve

Infrastructure Resilience

Analysis of Concrete 3D Printing as an Emerging Technology and Level of Maturity
Evaluation

There is not a consensual definition for emerging technologies (ETs) in the scientific
literature. Authors such as Rotolo et al.[193] have made an outstanding effort in developing a
foundational definition that will be quoted herein:

“An emerging technology is a radically novel and relatively fast-growing technology
characterized by a certain degree of coherence persisting over time and with the potential to
exert a considerable impact on the socio-economic domain(s) which is observed in terms of
the composition of actors, institutions and patterns of interactions among those, along with
the associated knowledge production processes. However, its most prominent impact lies in
the future and so in the emergence phase is still somewhat uncertain and ambiguous”.
Furthermore, Rotolo et al. [193] defined the requirements for a technology to be classified as
an ET as (a) being radically novel, (b) growing at a relatively fast pace, (c) being coherent
over time in terms of maturity, (d) prone to create an impact on a socio-economic scale, and
(e) being uncertain at early phases of analysis.

Concrete 3D printing can be classified as a non-consumer ET since it meets all the
requirements cited above. In addition, the maturity of the technology, in general, can be
evaluated by using different methods such as the technology readiness levels (TRLs)
developed by NASA [194,195] or the Gartner hype cycle [196] depicted in Figure 59. The

Gartner hype cycle divides the life of technology into five states, as depicted in Figure 59.
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Figure 59. Gartner Hype Cycle for concrete 3D printing at various scales. Adapted from
[196].

When 3D printing as a technology first appeared on the 2012 Gartner Hype Cycle of ETs, it
was positioned at the peak of inflated expectations [197]. Concrete 3D printing can arguably
be located at the first stage (innovative trigger) or at the peak of inflated expectations based
on the Gartner hype cycle definitions depicted in Figure 59 and depending on the scale of the

manufacturing process (lab vs. large scale) [198].
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Table 16. Five key phases of a technology's life cycle according to Gartner hype cycle.

Adapted from [196].
Phase Description
Technology Trigger Technology with potential breaks through at a research

Peak of Inflated Expectations

Trough of Disillusionment

Slope of Enlightenment

Plateau of Productivity

scale. There is proof-of-concept research, and media
interest starts to arise. However, no products are streaming
from the technology yet. Its viability is not proven.

Early press divulges several successful stories related to
the technology, often coexisting with cases of failure. As a
result, some early adopters act, but most do not.

As adopters fail to embrace the technology, producers of
the technology languish or fail. The investment only
continues if technology producers can adapt the
technology to the demands of early adopters.

The gap between technology providers and adopters starts
to close. The potential benefits to the adopters are widely
understood. As a result, technology providers develop new
generations of products. A substantial amount of
companies fund pilot (or R&D) projects. Conservative
companies remain watchful.

Dominant adoption starts to take off. The technology
market applicability is clear and is yielding benefits to the
adopters. If the technology can be applied to other (new)
markets, it can expand and keep growing.

It is important to note that the most prominent benefits for ETs in industry and communities

are commonly attained in the final phases of the life cycle. 3D concrete printing is being

adopted at a relatively slow pace. Some examples of large-scale projects can be found herein

[35,44,199-201]. That slow adoption is relatively common in ETs that are marketed for

specific industrial applications [202]. For example, readers are referred to literature
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explaining the reasons behind the slow adoption of building information modeling (BIM) in
construction projects [203,204].

Potential Contributions of Concrete 3D Printing Towards Infrastructure Resilience
Adopting new technologies such as concrete 3D printing is primarily influenced by its
perception of generating perceived benefits for the adopters. In the particular case of concrete
3D printing, Reda Taha et al. [198] listed the potential benefits of the adoption of this
technology as:

e Possibility to parametrically engineer the product's properties in terms of material
selection, quantity, or infill pattern to optimally accommodate the structural
requirements [11,127].

e The absence of molds, which could potentially impact productivity and reduce labor in
the precast industry.

e The possibility to optimize topologies for each project since no molds are required,
reducing the amount of materials needed and the environmental cost of the overall
production.

e The ability to engineer mix designs by including recycled and environmentally friendly
materials, reducing the CO; footprint.

Nonetheless, some authors [205] advise that using only economic growth indicators to
evaluate technology prospects can only be done once the technology is widely diffused and
used. This expansion process is based on expectations and ultimately depends on decisions
taken by adopters. The mitigation of the uncertainties related to the potential use of ETs

could facilitate and accelerate the technology adoption [202,206].
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Additive manufacturing for construction applications is an ET that is increasingly becoming
more accessible in research institutions and making its way into the field. Some construction
companies are adopting it for certain types of projects [35,44,199,200]. The potential
adoption of this technology or other automated construction technologies by companies,
stakeholders, and other services providers in the construction field raises questions on the
potential impact these technologies could have on infrastructure resilience [198,202,206].
Studying the resilience of these ETs is essential for system managers, researchers, and end-
users of the systems affected in case of a disruptive event [207]. Resilient infrastructure
systems are essential to mitigate the social impacts in case of an extreme event. Furthermore,
the present status of the civil infrastructure in the U.S. requires a noteworthy upgrade [208].
ETs have the potential, once included in the market, to improve infrastructure performance
and, particularly, resilience [198]. Also, resilient infrastructure can help prevent system
interactions if an extreme event in which one infrastructure system failure leads to other
infrastructure being negatively affected [209].

The search for a definition of resilience in multiple fields, specifically in infrastructure
engineering, has progressively evolved [202]. The reader is referred to Cimellaro et al. [22]
for an extensive list of these definitions.

Based on the general definition by McDaniels et al. [207], resilience can be defined as the
ability of a complex system to absorb a shock while maintaining function. Ayyub [210]
defined resilience in the broad context of infrastructure, communication networks, and
communities as follows:

“Resilience notionally means the ability to prepare for and adapt to changing conditions and

withstand and recover rapidly from disruptions. Resilience includes the ability to withstand
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and recover from disturbances of the deliberate attacks, accidents, or naturally occurring
threats or incidents”.

Other authors have built upon the classical definition of resilience to adapt it to infrastructure
engineering. For example, Bruneau et al. [211] defined resilience in the context of a
disruptive seismic scenario as: “Community seismic resilience is defined as the ability of
social units (e.g., organizations, communities) to mitigate hazards, contain the effects of
disasters when they occur, and carry out recovery activities in ways that minimize social
disruption and mitigate the effects of future earthquakes”. Bruneau et al. [211] also divided
resilience into four categories, widely known as 4Rs: robustness, redundancy, rapidity, and

resourcefulness. A schematic representation of these properties is depicted in Figure 60.

A Extreme event Performance recovery
I using concrete 3D
printing

________________________ Performance
—————— as built

Performance (Q)

I Redundancy

Resilience model without using
concrete 3D printing

Resilience model using concrete
3D printing

Robustness

Time (t)

Figure 60. Resilience model as described by Bruneau et al. [211] with and without the

implementation of concrete 3D printing by technology adopters.
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Across all these definitions, the authors imply that resilience as a concept entails both
strength to resist the extreme event and flexibility to adapt to the disrupted scenario. The
properties described by Bruneau et al. [211] can be divided into two largest groups: ex-ante
and ex-post, depending on whether the actions leading to these properties are taken before or
after the disruptive event [207]. As depicted in Figure 60, ex-ante contributors are robustness,
resourcefulness, and redundancy since they are adopted before the event occurs while
rapidity occurs after the event (ex-post).

Adopting 3D concrete printing as an automated manufacturing technique depends primarily
on the socio-economical aspects described in Chapter 1; it is worth studying the potential that
this ET has on improving infrastructure resilience. Concrete 3D printing has the potential to
reduce construction times and to close the gap between designers and contractors [198]. In
the case of an extreme event, these features are very important since they can improve the
rapidity (post event), improving the rate at which the infrastructure system can recover its
capacity or performance. Also, the potential that 3D printing has to improve the organization
in case of an extreme event is a critical aspect as reported by the resilience alliance

(www.resaliance.org) due to the high degree of automation and the need for less agents

implicated in the creation of the process from design to manufacturing. Another key aspect in
the case of an extreme event is the capacity to adapt. The freeform nature of 3D printing
makes this technology very versatile in a disruptive event affecting civil infrastructure.

In a hypothetical case of a disrupting event affecting civil infrastructure such as a bridge
failure, halting communication, the fast and adaptative construction of temporal 3D printed

segmental bridges can help in restoring the functionality of the infrastructure system
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promptly [202]. There are proofs-of-concept of 3D printing technology used for the
segmental construction of segmental pedestrian bridges [119,121,212].

A new temporary segmental bridge can be constructed on-site or off-site using a combination
of 3D printing and post-tensioning technologies [121]. The manufacturing of the concrete
segments using 3D concrete printing can be made quickly [41,213,214]. This concept is
shown in Figure 61. 3D printing can occur in any facility near the bridge site to reduce the
need for transporting bridge sections [206]. The concrete segments can be placed using

cranes and post-tensioned using segmental bridge construction technology [206].

1) Infrastructure system pre-disaster 2) Post-disaster bridge collapse

YT Disastrous event
Em Post-event M
| actuation meg
4) Restoring infrastructure functionality and 3) Rapid COﬂSthCtIOH .Of ‘
improved resilience a temporary bridge using _~+ 3D-Printed segment

l concrete 3D-Printing
3D-Printed Concrete

Post-tensioned bridge ‘\ System’s functionality
restored 5@

Post-tensioning
strands ~o

Post-tensioning .
anchorage  <%._
system

Figure 61. A schematic illustration of a 3D printed post-tensioned temporary concrete bridge

using. Adapted from [202].

3D concrete printing as an ET has a significant potential to improve infrastructure resilience.
Nonetheless, the expectations from 3D concrete printing are expected to change as the

technology evolves (matures) over time, as depicted in Figure 59. 3D concrete printing for
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construction-scale projects is still in the research phase with only a few field implementation
cases. Nevertheless, the use of construction-scale 3D concrete printing is likely to advance
infrastructure resilience at structural, economic, and social levels.

Linkov et al. [215] identified that addressing resilience quantifications by only using a risk
assessment approach is one of the main barriers to adequately measuring resilience
contributors for complex infrastructure systems. In this line of research, Davidson [216,217]
identified the importance of interdisciplinary research in evaluating community resilience to
natural disasters. Further work and economic and socio-economical frameworks need to be
designed to assess the return on investment and whether 3D concrete printing can support
their goal to improve infrastructure resilience and the level of improvement it can offer.
Furthermore, it is essential to develop methods for quantifying the contribution of 3D
concrete printing to infrastructure resilience [198]. Such measurement would enable
decision-makers and stakeholders to decide whether to adopt or invest in an ET

Besides the potential contribution of ETs in general and 3D concrete printing to
infrastructure resilience, some challenges could prevent implementing the 3D concrete
printing technology at a construction scale in the long term. For example, the cost of the
technology and its evolution over time is a critical factor for implementation [198]. Also,
quantification of the cost of production using 3D concrete printing [41,214] is required, and
the rate of maturity evolution of 3D printing technologies is a challenge that needs to be
further studied for successful implementation.

Another prevailing challenge that 3D concrete printing faces is its upscaling for field
implementation [198]. 3D concrete printing technology has been evaluated at the lab scale

and shows encouraging results, yet technical difficulties are associated with their large-scale
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field implementation [198]. Upscaling failures have raised important critiques to ETs for
overpromising and underdelivering. The use of life cycle assessment has been suggested as a
critical tool for examining the capability to upscale ETs [218]. Also, field testing has been
proven to improve ETs’ maturity [219].

Finally, ETs also suffer from the lack of realistic research data required for field
implementation. The absence of design guidelines and desired performance specifications for
3D concrete printing is a significant challenge toward successful field implementation. Such
guidelines and performance specifications are essential for companies developing ETs to

advance their technologies to meet the construction industry’s field expectations [220].

139



Chapter 9. Conclusions

Research Summary and Contributions

This research seeks to investigate the use of new materials and reinforcement configurations
as well as the rheological and mechanical properties of 3D printed concrete materials. Five
main objectives are classified and targeted in sequential order in Chapters 3 to 7.

Chapter 3 explores how the combined presence of both interfaces within the same bulk
specimen can affect the overall anisotropic mechanical behavior of 3D printed concrete.
Furthermore, the potential effect of the printing infill pattern on the mechanical properties of
bulk specimens and the anisotropy of 3D printed concrete is investigated. This work
examines the significance of infill printing patterns on the hardened properties (density and
compressive strength) of 3D printed concrete. Concrete specimens were printed with three
different infill patterns, and the performance of those specimens was compared with
conventionally cast concrete ones. The anisotropy of the 3D printed concrete associated with
the infill printing patterns and testing directions was analyzed and reported herein through
compression testing.

Chapter 4 reports on the potential use of polymer concrete for 3D printing applications. The
influence of mix design parameters, specifically rheology modifier content, filler to polymer
ratio, and aggregate to polymer ratio on the rheological properties of a 3D printable PC, are
investigated. The rheological properties of seven PC mixes are tested and characterized. PC
can be described as a Bingham pseudoplastic material, and a Herschel-Bulkley model can
accurately describe its rheological behavior (dynamic shear stress) over time. The evolution
of the static yield stress over time was found to follow an exponential trend. Using these

models to predict PC's dynamic and static yield stress shall enable the design of efficient and
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stable 3D printing. The use of carbon nanofibers (CNFs) as a rheology modifier with the
potential to also improve compressive strength is also explored. It was found that the
presence of CNFs at very low concentrations (0.5% by resin wt.) has a significant effect on
increasing the static yield stress over time. The compressive strength for cast and 3D printed
specimens is also improved by using CNFs at low concentrations (0.5%).

Chapter 6 explores the potential use of textile reinforcement to improve the flexural behavior
of distinct layer casted composites. Cement-based (TRC) and polymer-based (TRPC)
materials are explored. The use of a polymer material to fully replace the cement binder
results in a significantly improved flexural capacity, superior ductility, and substantial
plasticity compared with TRC. It is evident that TRPC represents an excellent new material
for civil infrastructure applications. This is the first article to examine this type of concrete to
the best of the authors' knowledge. Flexural testing was conducted on TRPC with different
reinforcement configurations. The flexural capacity, ductility, toughness, and the crack
pattern of TRPC were quantified and compared with conventional TRC fabricated using
Portland cement concrete of similar strength and with the same textile fabric and
reinforcement configurations. This Chapter paves the way for the investigation on Chapter 7.
Chapter 7 investigates the use of textile reinforcement configurations for 3D printing.
Cement-based and an innovative polymer-based material are printed while implementing
textile reinforcement at the interlayer plane. Then, the mechanical performance by using 3-
point bending testing and DIC techniques is analyzed.

Chapter 8 analyzes concrete 3D printing as a non-consumer ET and its potential to improve
infrastructure resilience. First, the technology is classified as emerging based on the current

literature. Then, the technology's maturity level for both lab and large scales is evaluated by
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using the Gartner hype cycle. Finally, the potential benefit of this technology towards
infrastructure resilience is analyzed by using state-of-the-art literature in the field of
engineering and social sciences. It is concluded by using a case study that 3D printing can
improve resilience after a disruptive event (ex-post) through an increase in rapidity (the rate
at which the structure's performance is brought back to normal).

Main Research Findings

Specific conclusions are given in Chapters 3 to 7. Here, conclusions regarding the thesis are
drawn.

In Chapter 3, bulk (complete filled volume) 3D printed concrete specimens were
manufactured using the same printing parameters and different infill patterns and tested in
compression in the three principal directions (Z being the extrusion direction).

The investigations show that 3D printed concrete can have a higher dry density and higher
compressive strength than conventionally cast concrete due to the increased pressure on the
concrete layers and thus compaction during the printing process. The results also show that
there is a directional dependency on all the infill patterns. The specimens show lower
compressive strength and modulus of elasticity in the Z (extrusion) direction than the X and
Y directions but insignificant differences in the strength and modulus between the X and Y
directions. However, no directional dependency was found for the strain at failure. On the
other hand, no significant difference in the mechanical properties of 3D printed concrete was
observed or can be attributed to the infill printing patterns.

This phenomenon can be explained by the fact that interfilamentous shear strength (shear
strength between the filaments at a given layer) is weaker than the interlayer shear strength

(shear strength between the layers). This strength difference is mainly caused by the presence
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of macro-scale pores in the interfilamentous interface due to the low pressure exerted at this
plane while printing compared with the interlayer one (filaments are pressed during
deposition). It is worth mentioning that printing pressure during deposition can be
significantly influenced by printing parameters such as filament height and width as well as
layer thickness.

Furthermore, 3D printed concrete shows higher compressive strength for two out of the three
testing directions (X and Y) than conventionally cast concrete. This is due to the above-
mentioned densification associated with the printing process that is strongly dependent on the
printing parameters, precisely nozzle diameter to layer height ratio, and geometry of the
printed product.

Higher levels of macroporosity were observed in the interfilamentous interfaces compared
with the interlayer interfaces. This can also be explained by the effect of compaction on the
interlayer interface and the lack of such pressure in between the filaments [16,20,21]. For the
printing parameters adopted in this study, the infill printing pattern seems to make no
significant difference in the compressive strength and elastic modulus of 3D printed concrete
when tested in any testing direction. This proves that choosing the appropriate printing
parameters that suit the 3D printed concrete mix can ensure good, hardened properties of the
3D printed concrete structure independent of the chosen infill printing pattern for bulk
specimens. The results are highly dependent on the printing parameters and the rheological
properties of the mix.

In Chapter 4, seven 3D printable polymer concrete mixes were designed, and their rheology
behavior was characterized. The seven PC mixes were divided into three groups to examine

the significance of the rheology modifier (fumed silica), the filler (fly ash and silica fume) to
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polymer ratio, and the aggregate (silica sand) to polymer ratio. The rheology modifier
content seems to have the most prominent effect. Nevertheless, the filler to polymer ratio and
the aggregate to polymer ratio also affect the rheology of the PC mix, specifically the static
yield stress and thixotropy.

The fresh PC can be classified as a non-Newtonian fluid, and it tends to become more shear-
thinning as time passes (the flow index decays with time). The consistency, k(z), and the flow
index, n(t), seem to follow generally a linear evolution over time, with ascending evolution
for k(?) and descending for n(?). The dynamic yield stress seems to remain time-independent
for all seven mixes up to 30 minutes. The static yield stress and thixotropy, on the other hand,
build-up with time. Epoxy Novolac PC seems to behave as a pseudoplastic Bingham
material, and it can be predicted at early ages (up to 30 min) by using a Herschel-Bulkley
model. This model allows for predicting the dynamic yield stress, which is a critical criterion
for efficient material extrudability and is strongly related to the extrusion rate and the 3D
printing speed. The static yield stress of PC grows exponentially over time, which can be
beneficial to ensure the stability of a printed geometry, particularly if printing is taking place
at a relatively high rising speed.

The physical mechanism controlling the rheological behavior of PC is strongly related to the
polymerization rate of the polymer, the amount, nature, and size distribution of the aggregate
and filler particles and the interactions between the polymer and the aggregate. Modeling and
understanding the rheological behavior of PC can help in successful and economical 3D
printing.

In Chapter 5, three 3D printable polymer concrete mixes were designed, and their rheology

behavior was characterized. The significance of CNFs in two different concentrations (0.5

144



and 1% of the polymer matrix weight) in the rheological properties and compressive strength
is examined. The presence of low concentrations (0.5%) of CNF has a remarkable effect on
the static yield stress. The addition of CNF in higher percentages does not seem to increase
the static yield stress further. This higher static yield stress and the exponential growth of it
over time can be of interest to ensure the stability of a printed geometry, particularly if
printing is taking place at a relatively high rising speed. The compressive strength is
significantly improved by using CNF for both cast and 3D printed mixes. As described in
Chapter 4, the material is a non-Newtonian fluid, and the Herschel-Bulkley model provides a
good fit for the flow curves. The model provided in Chapter 4 seems to describe the behavior
of this nano-modified composite material accurately. The effect of the polymerization on the
rheological properties are described in depth in Chapter 4.

In Chapter 6, flexural tests were carried out to examine an innovative TRPC panel's flexural
behavior using PC incorporating various basalt fiber textile fabric layers. TRPC panels
incorporating basalt textile reinforcement exhibited a higher flexure strength, significantly
improved ductility and plasticity, and a substantially enhanced toughness than conventional
cementitious TRC. The flexure performance of TRPC improves as the number of
reinforcement layers increase. Cracking pattern analysis showed the ability of reinforced
TRPC to develop significantly wide horizontal and vertical cracks and maintain structural
integrity at high loads and deformation compared with conventional cementitious TRC. The
fiber bridging effect was evident in TRPC with two and three reinforcement layers. On the
other hand, limited improvement in flexure performance is achieved in TRC by incorporating
basalt-textile reinforcement. The main difference in behavior between TRPC and TRC is

attributed to the high bond strength between the polymer matrix and the textile reinforcement
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yarns compared with that of the cement matrix. The improved bond of the polymer matrix is
attributed to the low viscosity, high flowability, and penetrability of the polymer into the
fibers of the yarns compared with the cement paste. Such high penetrability enables TRC to
observe fiber rupture rather than typical fiber debonding observed in TRC. Finally, it is
concluded that it is possible to produce textile reinforced polymer concrete panels with
significant flexural capacity, good plasticity, and high ductility using basalt fiber layers.

In Chapter 7, flexural tests were carried out to examine 3D printed panels' flexural behavior
using polymer and cement-based concrete incorporating various basalt fiber textile fabric
layers. The flexural behavior of both composites is compared.

For 3DP-TRC composites, the basalt fiber reinforcement positively affects the post-peak
behavior of the specimen by slowing the mechanical capacity degradation. These results
align with the ones from Chapter 6. On the other hand, for 3DP-TRPC composites, the
inclusion of textile reinforcement does not improve the mechanical behavior but reduces the
mechanical capacity while compared to the reference (unreinforced) specimen. This is due to
the reduced wettability of the mix because of the inclusion of particles of a very high surface
area in the mix design (fumed silica to increase the viscosity of the polymer and meet the
printability requirements).

It can be concluded that even though the 3DP-TRPC mix showed good mechanical properties
in terms of modulus of rupture, the rheological mix design conditions make it unsuitable for
additive manufacturing with textile reinforcement. Using a polymer with a higher viscosity
(such as Novolac) is suggested to meet the rheological requirements with a higher particle
coating thickness. As a result, the mix is expected to have higher wettability of the fiber

yarns by the mechanisms described in Chapter 6.
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Cracking pattern analysis showed how adding textile reinforcement layers for the 3DP-TRC
composite improves the vertical crack area and width, resulting in higher toughness. Finally,
it is concluded that it is feasible to produce textile reinforced polymer concrete panels by using
3D printing technology and basalt fiber layers.

Finally, in Chapter 8, 3D concrete printing is analyzed as a non-consumer ET with the
potential to impact socio-economic domains. 3D concrete printing as a technology is still at a
very early phase in terms of maturity. The adoption of the technology for large-scale projects
is still very slow-paced. Nonetheless, concrete 3D printing can improve infrastructure
resilience in case of a disruptive event by increasing the rapidity to restore infrastructure
functionality.

Future Work

Previous studies in the literature indicated that the bond strength of the printed concrete is
mainly controlled by the printing time gap between extruded layers. In most of the reported
research [16,17,20,63,221], there has been agreement that tensile bond strength decreases
with an increase in the printing time gap. This effect would become more pronounced for

large, printed areas.

Sanjayan et al. [222] suggested that in 10- and 30-min time gaps, the bond strength of the
printed specimens appears to be higher than a 20-min time gap. Extra tests of surface
moisture content and bleeding rates were conducted to investigate the relationship between
the printing time gap and the interlayer bond strength. It was shown that initially, high bond
strength could be attributed to a high moisture level from a lubricating layer near the surface
of the extruded paste, but bond strength then decreases during the time gap with the

evaporation of the surface moisture. After an increase in the bleeding rate from 20- to 30-min
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time gaps, a rise of surface moisture leads to the increased bond strength. It was concluded
that the evolution of surface moisture content over time controls interlayer bond strength
development in 3D printed concrete [222]. Previous findings indicate that moisture condition
at the existing layer is related to the time gap that controls bond development at 3D printed

concrete.

This proposed research builds on the above previous findings but suggests that the interlayer
bond development is strongly dependent on the moisture transport phenomenon at the
interface. Further research to understand the moisture transport process across the interface

of 3D printed concrete and its influence on interlayer bond development is proposed.

Since rheological control of the 3D printable material during the manufacturing process is so
important, a smart cement-based magnetorheological (MR) 3D printing material could be
tailor-designed to yield the desired rheological properties of cement paste in real-time is
suggested. By incorporating magnetic particles inside the cement paste and varying the
magnitude of the magnetic field strength, the rheological response of the sample can be
altered significantly. This cement-based MR fluid would allow for better control over the
stiffening/setting behavior of concrete and can be helpful in applications in which controlling
the fresh-state behavior of concrete is critical. There are research precedents of this
technology being tested for cement pastes [223—-225].

Furthermore, the development of an analytical model to predict the behavior of the structure
during the extrusion process and its evolution over time is suggested. The model should
account for the mix's fresh mechanical properties[54] and the rheological properties of the

mix so that the model provides valuable information about the suitability of a material for 3D
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printing [226]. The model should also account for the material non-linearity (plastic flow)
and the geometrical non-linearity (buckling).

As an integral end target of the thesis, a segmental construction of prefabricated 3D printed
components for a pedestrian bridge is suggested. Segmental construction is one of the fastest
construction techniques, and it is widely used for building applications such as accelerated
bridge construction (ABC). These prefabricated parts are prone to be created by using
additive manufacturing technologies. To do so, the study of the structural behavior of a
segmental 3D printed large-scale concrete beam with post-tensioned strands is proposed. The
structural response under combined flexure and shear should be carefully inspected.
Furthermore, structural properties such as density, modulus of elasticity, compressive and
tensile strength should be analyzed. Also, long-term properties such as creep and shrinkage
that could gradually reduce the prestressed loads of external active reinforcement systems
should be calculated and accounted for overtime. The union between precast concrete
segments for large structures such as bridges consists of dry joints with multiple shear keys
[227,228]. The use of epoxy resins is usually avoided since it slows the process, causing
delays. This construction technique using dry joints is commonly used in prestressed bridges
[229].

The theory to evaluate the shear strength of resin-free dry joints with shear keys assumes that
the shear stresses are transmitted across the joint through two different mechanisms
[230,231]. The first mechanism represents the friction resistance between two rough
compressed surfaces. This friction is proportional to the actuating compression, and the

corresponding proportionality factor is called the friction coefficient, pi. The second

149



mechanism considers the support effect of the mechanical shear keys. These keys permit the
shear transfer when there is contact between them [230-232].

A large-scale 3D printed, post-tensioned beam can be manufactured and mechanically tested
up to failure as future work. The results should be compared to a reference traditionally
casted beam design of the same geometry. The beam could be manufactured by 3D printing
segments, including ducts to accommodate longitudinal reinforcement and strands. Stirrups
will be embedded between layers as needed by design. Continuous 3D printed shear keys
will be implemented in the design at the points of maximum shear flow (mid-point in the
vertical direction).

The failure mechanisms, strength, and ductility governing a 3D printed large-scale structure
would be identified and compared with the reference values for a traditionally manufactured
beam. A combination of shear with joint opening failure is expected, but failure modes
inherent to the manufacturing process could happen. Macroscale failure modes and patterns
will be recognized, and the mechanical properties will be analyzed. The final goal is to
highlight practical challenges that need to be overcome to implement this technology at a

large scale for infrastructure applications.
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Appendix

Cartesian Coordinate 3D Printer Technical Parameters

Technical parameters of JYHC 3D printing gantry robot system(3DPRT)
Size: length (mm) * width (mm) * height (mm) 2800*2010*2600
Frame Weight (kg) 300
structure Drive motor Stepper motor,
five
Power supply AC 220V
Shear mixer 50
Capacity (L) (recommended)
Voltage (V) (max 60)
Power (W) 380 AC
Weight (kg) 3000
300x2
Mixing and Pumping system
feeding Voltage (V) 380 AC
system Power (W) 4000
Horizontal transmission distance (M) 15
Transmission height (m) 5
Weight (kg) 180
Transporting pipe:
Material Rubber
Length (m) 5
Inner diameter (mm) 45
Motion Effective size: length (mm) * width (mm) * height (mm) 1800*%1600*1800
control XY Plane moving speed (mm/s) 10 to 350
system Z moving speed (mm/s) 10 to 20
Diameter of printing head (mm) 25, 35,45 mm
The diameter of acrylic printing head(mm) 40 mm
Manual (through
Printing head the printing
. . head) or
Ways of adding material .
automatic
(pumping
system)
Software development environment i‘;ili:}lE(}I C(éfli()ls
Software Interface text English
Network
Software upgrade transmission,
Free of renew

Table 17. Technical parameters of JYHC 3D printing gantry robot system (3DPRT)
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G-Code Programming Language Examples

In this appendix, numerical control programming examples used for Chapter 3 (and depicted

in Figure 19) are shown.

[0] 1> Cube with Outline Perimeter

M109 S210.000000

;Sliced at: Mon 20-11-2017 12:24:19
;Basic settings: Layer height: 1
Walls: 1 Fill: O

;Print time: 2 hours 43 minutes
;Filament used: 4.605m 36.0g
;Filament cost: None

;M190 S70 ;Uncomment to add your own
bed temperature line

;M109 S210 ;Uncomment to add your own
temperature line

G21 ;metric values

G90 ;absolute positioning

M82 ;set extruder to absolute
mode

M107 ;start with the fan off
G28 X0 YO ;move X/Y to min endstops
G28 70 ;move Z to min endstops
Gl z15.0 F9000 ;move the platform down
15mm

G92 EO ;zero the
extruded length

Gl F200 E3 ;extrude 3mm
of feed stock

G92 EO ;zero the
extruded length again

Gl F9000

;Put printing message on LCD screen

M117 Printing...

;Layer count: 3
; LAYER: O
M107

; LAYER: 1

M106 S255

GO F9000 X15.65 Y0.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Z1.000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X1.15 Y3.52 F4800

Gl X13.28 ¥3.52 E1.000 F1007
Gl X13.28 ¥5.96 E2.000
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Gl X3.52 ¥5.96 E3.000
Gl X3.52 Y8.4 E4.000

Gl X13.28 ¥8.4 E5.000
Gl X13.28 Y10.84 E6.000
Gl X3.52 Y10.84 E7.000
Gl X3.52 Y13.28 E8.000
Gl X13.28 Y13.28 E9.000

; LAYER: 2

M106 S255

GO F9000 X15.65 Y0.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

72.000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X1.15 ¥3.52 F4800

Gl X13.28 ¥3.52 E1.000 F1007
Gl X13.28 Y5.96 E2.000

Gl X3.52 Y5.96 E3.000

Gl X3.52 Y8.4 E4.000

Gl X13.28 ¥8.4 E5.000

Gl X13.28 Y10.84 E6.000

Gl X3.52 Y10.84 E7.000

Gl X3.52 Y13.28 E8.000

Gl X13.28 Y13.28 E9.000

M107

;End GCode
M104 SO

heater off
M140 SO

bed heater off
GI1

;relative positioning

Gl E-1 F300

;retract the filament a bit before
lifting the nozzle, to release some of
the pressure

Gl Z+0.5 E-5 X-20 Y-20 F9000 ;move Z
up a bit and retract filament even
more

;extruder

;heated
(if you have it)



G28 X0 YO M84 ; steppers

;move X/Y to min endstops, so the head off
is out of the way G90 ;absolute
positioning

[0,90]s Cube with Outline Perimeter

M109 $5210.000000 Gl X3.52 Y10.84 E7.000
;Sliced at: Mon 20-11-2017 12:24:19 Gl X3.52 Y13.28 E8.000
;Basic settings: Layer height: 1 Gl X13.28 Y13.28 E9.000

Walls: 1 Fill: O
;Print time: 2 hours 43 minutes

;Filament used: 4.605m 36.0g ; LAYER: 2

;Filament cost: None M106 S255

;M190 S70 ;Uncomment to add your own GO F9000 X15.65 Y0.000 Zz2.000
bed temperature line ; TYPE:WALL-OUTER

;M109 S210 ;Uncomment to add your own Gl F2400 E0.00000
temperature line

G21 ;metric values Gl X15.65 Y0.000 F4800
G90 ;absolute positioning

M82 ;set extruder to absolute Gl X15.65 Y15.65 E1.000
mode Gl X1.15 Y15.65 E2.000
M107 ;start with the fan off Gl X1.15 Y1.15 E3.000
G28 X0 YO ;move X/Y to min endstops Gl X15.65 Y1.15 E4.000
G28 70 ;move Z to min endstops ; solid layer

Gl z15.0 F9000 ;move the platform down

15mm GO X13.28 Y1.15 F4800
G92 EO ;zero the

extruded length Gl X13.28 Y13.28 E1.000 F1007
Gl F200 E3 ;extrude 3mm Gl X10.84 Y13.28 E2.000
of feed stock Gl X10.84 Y3.52 E3.000
G92 EO ;zero the Gl X8.4 Y3.52 E4.000
extruded length again Gl X8.4 Y13.28 E5.000
Gl F9000 Gl X5.96 Y13.28 E6.000
;Put printing message on LCD screen Gl X5.96 ¥3.52 E7.000
M117 Printing... Gl X3.52 Y3.52 E8.000

Gl X3.52 Y13.28 E9.000
;Layer count: 13

; LAYER: O ; LAYER: 3
M107 M106 S255
GO F9000 X15.65 Y0.000 Z3.000
; LAYER: 1 ; TYPE :WALL-OUTER
M106 S255 Gl F2400 E0.00000
GO F9000 X15.65 Y0.000 Z1.000
; TYPE :WALL-OUTER Gl X15.65 Y0.000 F4800

Gl F2400 E0.00000
Gl X15.65 Y15.65 E1.000

Gl X15.65 Y0.000 F4800 Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000

Gl X15.65 Y15.65 E1.000 Gl X15.65 Y1.15 E4.000

Gl X1.15 Y15.65 E2.000 ; solid layer

Gl X1.15 Y1.15 E3.000

Gl X15.65 Y1.15 E4.000 GO X1.15 Y3.52 F4800

; solid layer
Gl X13.28 ¥3.52 E1.000 F1007

GO X1.15 Y3.52 F4800 Gl X13.28 ¥5.96 E2.000
Gl X3.52 ¥5.96 E3.000
Gl X13.28 ¥3.52 E1.000 F1007 Gl X3.52 Y8.4 E4.000
Gl X13.28 ¥5.96 E2.000 Gl X13.28 ¥8.4 E5.000
Gl X3.52 Y5.96 E3.000 Gl X13.28 Y10.84 E6.000
Gl X3.52 Y8.4 E4.000 Gl X3.52 Y10.84 E7.000
Gl X13.28 ¥8.4 E5.000 Gl X3.52 Y13.28 E8.000
Gl X13.28 Y10.84 E6.000 Gl X13.28 Y13.28 E9.000
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; LAYER: 4

M106 S255

GO F9000 X15.65 Y0.000 Z4.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X13.28 Y1.15 F4800

Gl X13.28 Y13.28 E1.000 F1007
Gl X10.84 Y13.28 E2.000

Gl X10.84 Y3.52 E3.000

Gl X8.4 ¥3.52 E4.000

Gl X8.4 Y13.28 E5.000

Gl X5.96 Y13.28 E6.000

Gl X5.96 Y3.52 E7.000

Gl X3.52 Y¥3.52 E8.000

Gl X3.52 Y13.28 ES.000

; LAYER:5

M106 S255

GO F9000 X15.65 Y0.000 z5.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X1.15 Y¥3.52 F4800

Gl X13.28 ¥3.52 E1.000 F1007
Gl X13.28 ¥5.96 E2.000

Gl X3.52 Y¥5.96 E3.000

Gl X3.52 Y8.4 E4.000

Gl X13.28 ¥8.4 E5.000

Gl X13.28 Y10.84 E6.000

Gl X3.52 Y10.84 E7.000

Gl X3.52 Y13.28 E8.000

Gl X13.28 Y13.28 E9.000

; LAYER: 6

M106 S255

GO F9000 X15.65 Y0.000 Z6.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800
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Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X13.28 Y1.15 F4800

Gl X13.28 Y13.28 E1.000 F1007
Gl X10.84 Y13.28 E2.000

Gl X10.84 Y3.52 E3.000

Gl X8.4 ¥3.52 E4.000

Gl X8.4 Y13.28 E5.000

Gl X5.96 Y13.28 E6.000

Gl X5.96 Y3.52 E7.000

Gl X3.52 Y3.52 E8.000

Gl X3.52 Y13.28 ES.000

; LAYER:7

M106 S255

GO F9000 X15.65 Y0.000 27.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X1.15 ¥3.52 F4800

Gl X13.28 Y3.52 E1.000 F1007
Gl X13.28 ¥5.96 E2.000

Gl X3.52 ¥5.96 E3.000

Gl X3.52 Y8.4 E4.000

Gl X13.28 ¥8.4 E5.000

Gl X13.28 Y10.84 E6.000

Gl X3.52 Y10.84 E7.000

Gl X3.52 Y13.28 E8.000

Gl X13.28 Y13.28 E9.000

; LAYER: 8

M106 S255

GO F9000 X15.65 Y0.000 Z8.000
; TYPE:WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X13.28 Y1.15 F4800

Gl X13.28 Y13.28 E1.000 F1007
Gl X10.84 Y13.28 E2.000



Gl X10.84 Y¥3.52 E3.000
Gl X8.4 ¥3.52 E4.000
Gl X8.4 Y13.28 E5.000
Gl X5.96 Y13.28 E6.000
Gl X5.96 Y3.52 E7.000
Gl X3.52 Y3.52 E8.000
Gl X3.52 Y13.28 ES.000

; LAYER: 9

M106 S255

GO F9000 X15.65 Y0.000 Z9.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X1.15 Y3.52 F4800

Gl X13.28 ¥3.52 E1.000 F1007
Gl X13.28 ¥5.96 E2.000

Gl X3.52 Y5.96 E3.000

Gl X3.52 Y8.4 E4.000

Gl X13.28 ¥8.4 E5.000

Gl X13.28 Y10.84 E6.000

Gl X3.52 Y10.84 E7.000

Gl X3.52 Y13.28 E8.000

Gl X13.28 Y13.28 E9.000

;LAYER:10

M106 S255

GO F9000 X15.65 Y0.000 Z10.000
; TYPE :WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X13.28 Y1.15 F4800

Gl X13.28 Y13.28 E1.000 F1007
Gl X10.84 Y13.28 E2.000

Gl X10.84 ¥3.52 E3.000

Gl X8.4 Y3.52 E4.000

Gl X8.4 Y13.28 E5.000

Gl X5.96 Y13.28 E6.000

Gl X5.96 Y3.52 E7.000

Gl X3.52 Y3.52 E8.000

Gl X3.52 Y13.28 ES.000

; LAYER:11
M106 S255
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GO F9000 X15.65 Y0.000 211.000
; TYPE:WALL-OUTER
Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X1.15 ¥3.52 F4800

Gl X13.28 ¥3.52 E1.000 F1007
Gl X13.28 ¥5.96 E2.000

Gl X3.52 Y5.96 E3.000

Gl X3.52 Y8.4 E4.000

Gl X13.28 ¥8.4 E5.000

Gl X13.28 Y10.84 E6.000

Gl X3.52 Y10.84 E7.000

Gl X3.52 Y13.28 E8.000

Gl X13.28 Y13.28 E9.000

;LAYER:12

M106 S255

GO F9000 X15.65 Y0.000 Z12.000
; TYPE : WALL-OUTER

Gl F2400 E0.00000

Gl X15.65 Y0.000 F4800

Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
; solid layer

GO X13.28 Y1.15 F4800

Gl X13.28 Y¥13.28 E1.000 F1007
Gl X10.84 Y13.28 E2.000

Gl X10.84 Y3.52 E3.000

Gl X8.4 ¥3.52 E4.000

Gl X8.4 Y13.28 E5.000

Gl X5.96 Y13.28 E6.000

Gl X5.96 ¥3.52 E7.000

Gl X3.52 Y3.52 E8.000

Gl X3.52 Y13.28 E9.000

M107

;End GCode
M104 SO
heater off
M140 SO
bed heater off (if you have it)
G91

;relative positioning

Gl E-1 F300

;retract the filament a bit before

;extruder

;heated



lifting the nozzle, to release some of G28 X0 YO

the pressure ;move X/Y to min endstops, so the head
Gl z+0.5 E-5 X-20 Y-20 F9000 ;move Z is out of the way
up a bit and retract filament even M84 ; steppers
more off
G90 ;absolute
positioning

[0,45,90-45]3 Cube with Outline Perimeter

M109 S210.000000 Gl X3.52 Y8.4 E4.000
;Sliced at: Mon 20-11-2017 12:24:19 Gl X13.28 Y8.4 E5.000
;Basic settings: Layer height: 1 Gl X13.28 Y10.84 E6.000
Walls: 1 Fill: O Gl X3.52 Y10.84 E7.000
;Print time: 2 hours 43 minutes Gl X3.52 Y13.28 E8.000
;Filament used: 4.605m 36.0g Gl X13.28 Y13.28 E9.000
;Filament cost: None
;M190 S70 ;Uncomment to add your own ; LAYER:2
bed temperature line M106 S255
;M109 S210 ;Uncomment to add your own GO F9000 X15.65 Y0.000 z2.000
temperature line ; TYPE :WALL-OUTER
G21 ;metric values Gl F2400 E0.00000
G90 ;absolute positioning
M82 ;set extruder to absolute Gl X15.65 Y0.000 F4800
mode
M107 ;start with the fan off Gl X15.65 Y15.65 E1.000
G28 X0 YO ;move X/Y to min endstops Gl X1.15 Y15.65 E2.000
G28 70 ;move Z to min endstops Gl X1.15 Y1.15 E3.000
Gl 7z15.0 F9000 ;move the platform down Gl X15.65 Y1.15 E4.000
15mm ; solid layer
G92 EO ;zero the
extruded length GO X13.28 Y1.15 F4800
Gl F200 E3 ;extrude 3mm
of feed stock Gl X13.28 Y4.531 E1.000 F1007
G92 EO ;zero the Gl X12.269 Y3.52 E2.000
extruded length again Gl X8.819 Y¥3.52 E3.000
Gl F9000 Gl X13.28 Y7.981 E4.000
;Put printing message on LCD screen Gl X13.28 Y11.432 E5.000
M117 Printing... Gl X5.368 Y3.52 E6.000
Gl X3.52 Y3.52 E7.000
;Layer count: 13 Gl X3.52 Y5.123 E8.000
; LAYER: O Gl X11.677 Y13.28 E9.000
M107 Gl X8.227 Y13.28 E10.000
Gl X3.52 ¥8.573 E11.000
;LAYER: 1 Gl X3.52 Y12.024 E12.000
M106 S255 Gl X4.776 Y13.28 E13.000
GO F9000 X15.65 Y0.000 Z1.000 Gl X3.52 Y13.28 E14.000
; TYPE :WALL-OUTER
Gl F2400 E0.00000 ; LAYER: 3
M106 S255
Gl X15.65 Y0.000 F4800 GO F9000 X15.65 Y0.000 Zz3.000
; TYPE :WALL-OUTER
Gl X15.65 Y15.65 E1.000 Gl F2400 E0.00000
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000 Gl X15.65 Y0.000 F4800
Gl X15.65 Y1.15 E4.000
; solid layer Gl X15.65 Y15.65 E1.000
Gl X1.15 Y15.65 E2.000
GO X1.15 Y¥3.52 F4800 Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
Gl X13.28 ¥3.52 E1.000 F1007 ; solid layer
Gl X13.28 Y5.96 E2.000
Gl X3.52 Y5.96 E3.000 GO X13.28 Y1.15 F4800
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Gl X3.52 ¥5.96 E3.000

Gl X13.28 Y13.28 E1.000 F1007 Gl X3.52 Y8.4 E4.000

Gl X10.84 Y13.28 E2.000 Gl X13.28 Y¥8.4 E5.000
Gl X10.84 ¥3.52 E3.000 Gl X13.28 Y10.84 E6.000
Gl X8.4 ¥3.52 E4.000 Gl X3.52 Y10.84 E7.000
Gl X8.4 Y13.28 E5.000 Gl X3.52 Y13.28 E8.000
Gl X5.96 Y13.28 E6.000 Gl X13.28 Y13.28 E9.000
Gl X5.96 Y3.52 E7.000

Gl X3.52 Y¥3.52 E8.000 ; LAYER: 6

Gl X3.52 Y13.28 E9.000 M106 S255

GO F9000 X15.65 Y0.000 Z6.000
; TYPE: WALL-OUTER
Gl F2400 E0.00000

; LAYER: 4 Gl X15.65 Y0.000 F4800
M106 S255
GO F9000 X15.65 Y0.000 Zz4.000 Gl X15.65 Y15.65 E1.000
; TYPE :WALL-OUTER Gl X1.15 Y15.65 E2.000
Gl F2400 E0.00000 Gl X1.15 Y1.15 E3.000
Gl X15.65 Y1.15 E4.000
Gl X15.65 Y0.000 F4800 ; solid layer
Gl X15.65 Y15.65 E1.000 GO X13.28 Y1.15 F4800
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000 Gl X13.28 Y4.531 E1.000 F1007
Gl X15.65 Y1.15 E4.000 Gl X12.269 Y3.52 E2.000
; solid layer Gl X8.819 Y¥3.52 E3.000
Gl X13.28 Y7.981 E4.000
GO X1.15 Y3.52 F4800 Gl X13.28 Y11.432 E5.000
Gl X5.368 Y3.52 E6.000
Gl X4.531 Y3.52 E1.000 F1007 Gl X3.52 Y¥3.52 E7.000
Gl X3.52 Y4.531 E2.000 Gl X3.52 Y¥5.123 E8.000
Gl X3.52 Y7.981 E3.000 Gl X11.677 Y13.28 E9.000
Gl X7.981 Y3.52 E4.000 Gl X8.227 Y13.28 E10.000
Gl X11.432 Y3.52 E5.000 Gl X3.52 ¥8.573 E11.000
Gl X3.52 Y11.432 E6.000 Gl X3.52 Y12.024 E12.000
Gl X3.52 Y13.28 E7.000 Gl X4.776 Y13.28 E13.000
Gl X5.123 Y13.28 E8.000 Gl X3.52 Y13.28 E14.000
Gl X13.28 ¥5.123 E9.000
Gl X13.28 ¥8.573 E10.000 ; LAYER:7
Gl X8.573 Y13.28 E11.000 M106 S255
Gl X12.02 Y13.28 E12.000 GO F9000 X16.8 Y15.65 Z7.000
Gl X13.28 Y12.02 E13.000 ; TYPE :WALL-OUTER
Gl X13.28 Y13.28 E14.000 Gl F2400 E0.00000
; LAYER:5 Gl X16.8 Y15.65 F4800
M106 S255
GO F9000 X15.65 Y0.000 Z5.000 Gl X1.15 Y15.65 E1.000
; TYPE :WALL-OUTER Gl X1.15 Y1.15 E2.000
Gl F2400 E0.00000 Gl X15.65 Y1.15 E3.000
Gl X15.65 Y15.65 E4.000
Gl X15.65 Y0.000 F4800 ; solid layer
Gl X15.65 Y15.65 E1.000 GO X13.28 Y1.15 F4800
Gl X1.15 Y15.65 E2.000
Gl X1.15 Y1.15 E3.000 Gl X13.28 Y13.28 E1.000 F1007
Gl X15.65 Y1.15 E4.000 Gl X10.84 Y13.28 E2.000
; solid layer Gl X10.84 Y3.52 E3.000
Gl X8.4 Y3.52 E4.000
GO X1.15 Y3.52 F4800 Gl X8.4 Y13.28 E5.000
Gl X5.96 Y13.28 E6.000
Gl X13.28 Y¥3.52 E1.000 F1007 Gl X5.96 Y¥3.52 E7.000
Gl X13.28 Y5.96 E2.000 Gl X3.52 Y¥3.52 E8.000
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Gl X3.52 Y13.28 ES.000 M106 S255
GO F9000 X16.8 Y15.65 210.000
; TYPE :WALL-OUTER
Gl F2400 E0.00000

; LAYER: 8 Gl X16.8 Y15.65 F4800

M106 S255

GO F9000 X16.8 Y15.65 Z8.000 Gl X1.15 Y15.65 E1.000

; TYPE :WALL-OUTER Gl X1.15 Y1.15 E2.000

Gl F2400 E0.00000 Gl X15.65 Y1.15 E3.000
Gl X15.65 Y15.65 E4.000

Gl X16.8 Y15.65 F4800 ; solid layer

Gl X1.15 Y15.65 E1.000 GO X13.28 Y1.15 F4800

Gl X1.15 Y1.15 E2.000

Gl X15.65 Y1.15 E3.000 Gl X13.28 Y4.531 E1.000 F1007

Gl X15.65 Y15.65 E4.000 Gl X12.269 Y3.52 E2.000

; solid layer Gl X8.819 Y3.52 E3.000
Gl X13.28 Y7.981 E4.000

GO X1.15 Y3.52 F4800 Gl X13.28 Y11.432 E5.000
Gl X5.368 ¥3.52 E6.000

Gl X4.531 Y3.52 E1.000 F1007 Gl X3.52 ¥3.52 E7.000

Gl X3.52 Y4.531 E2.000 Gl X3.52 Y5.123 E8.000

Gl X3.52 Y7.981 E3.000 Gl X11.677 Y13.28 E9.000

Gl X7.981 Y3.52 E4.000 Gl X8.227 Y13.28 E10.000

Gl X11.432 Y3.52 E5.000 Gl X3.52 ¥8.573 E11.000

Gl X3.52 Y11.432 E6.000 Gl X3.52 Y12.024 E12.000

Gl X3.52 Y13.28 E7.000 Gl X4.776 Y13.28 E13.000

Gl X5.123 Y13.28 E8.000 Gl X3.52 Y13.28 E14.000

Gl X13.28 ¥5.123 E9.000

Gl X13.28 ¥8.573 E10.000 ;LAYER:11

Gl X8.573 Y13.28 E11.000 M106 S255

Gl X12.02 Y13.28 E12.000 GO F9000 X16.8 Y15.65 Z11.000

Gl X13.28 Y12.02 E13.000 ; TYPE :WALL-OUTER

Gl X13.28 Y13.28 E14.000 Gl F2400 E0.00000

; LAYER: 9 Gl X16.8 Y15.65 F4800

M106 S255

GO F9000 X16.8 Y15.65 Z9.000 Gl X1.15 Y15.65 E1.000

; TYPE :WALL-OUTER Gl X1.15 Y1.15 E2.000

Gl F2400 E0.00000 Gl X15.65 Y1.15 E3.000
Gl X15.65 Y15.65 E4.000

Gl X16.8 Y15.65 F4800 ; solid layer

Gl X1.15 Y15.65 E1.000 GO X13.28 Y1.15 F4800

Gl X1.15 Y1.15 E2.000

Gl X15.65 Y1.15 E3.000 Gl X13.28 Y13.28 E1.000 F1007

Gl X15.65 Y15.65 E4.000 Gl X10.84 Y13.28 E2.000

; solid layer Gl X10.84 Y3.52 E3.000
Gl X8.4 Y3.52 E4.000

GO X1.15 Y3.52 F4800 Gl X8.4 Y13.28 E5.000
Gl X5.96 Y13.28 E6.000

Gl X13.28 Y3.52 E1.000 F1007 Gl X5.96 Y3.52 E7.000

Gl X13.28 Y5.96 E2.000 Gl X3.52 ¥3.52 E8.000

Gl X3.52 Y5.96 E3.000 Gl X3.52 Y13.28 E9.000

Gl X3.52 Y8.4 E4.000
Gl X13.28 ¥8.4 E5.000
Gl X13.28 Y10.84 E6.000
Gl X3.52 Y10.84 E7.000

Gl X3.52 Y13.28 E8.000 ; LAYER:12
Gl X13.28 Y13.28 E9.000 M106 S255

GO F9000 X16.8 Y15.65 212.000
; LAYER:10 ; TYPE :WALL-OUTER
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Gl F2400 E0.00000
Gl X16.8 Y15.65 F4800

Gl X1.15 Y15.65 E1.000
Gl X1.15 Y1.15 E2.000
Gl X15.65 Y1.15 E3.000
Gl X15.65 Y15.65 E4.000
; solid layer

GO X1.15 Y3.52 F4800

Gl X4.531 ¥3.52 E1.000 F1007
Gl X3.52 Y4.531 E2.000
Gl X3.52 Y7.981 E3.000
Gl X7.981 ¥3.52 E4.000
Gl X11.432 Y3.52 E5.000
Gl X3.52 Y11.432 E6.000
Gl X3.52 Y13.28 E7.000
Gl X5.123 Y13.28 E8.000
Gl X13.28 Y¥5.123 E9.000
Gl X13.28 ¥8.573 E10.000
Gl X8.573 Y13.28 E11.000
Gl X12.02 Y13.28 E12.000
Gl X13.28 Y12.02 E13.000
Gl X13.28 Y13.28 E14.000

M107

;End GCode

M104 SO ;extruder
heater off

M140 SO ;heated

bed heater off (if you have it)

G91l

;relative positioning

Gl E-1 F300

;retract the filament a bit before
lifting the nozzle, to release some of
the pressure

Gl Z+0.5 E-5 X-20 Y-20 F9000 ;move Z
up a bit and retract filament even
more

G28 X0 YO

;move X/Y to min endstops, so the head
is out of the way

M84 ; steppers
off

G90 ;absolute
positioning
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