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SUMMARY

Extrusion-based 3D concrete printing (3DCP), as one of the emerging techniques, has
received considerable attention from both academia and industry, due to its numerous
benefits for concrete construction, through enhancing the freedom of architectural
design, eliminating formwork, optimizing material use, and decreasing wastes, labors
and costs. However, in most of proposed 3D printable cementitious materials, ordinary
Portland cement (PC) still occupies a relatively high content, which partially neutralizes
the sustainable benefits of 3DCP in aspects of formwork free and material-efficient
designs. To date, considerable attempts have been made to develop sustainable
cementitious materials in the context of 3DCP. Common supplementary cementitious
materials (SCMs), i.e., fly ash, silica fume, and slag, are utilized as an ingredient of the
binder in 3D printable cementitious materials, which is the most generic and
applicable strategy for reducing the use of PC. Nevertheless, these common SCMs,
which belong to industrial by-products, are gradually being depleted. For longer-term
development, limestone and calcined clay appear to be suitable alternatives to SCMs,
considered the worldwide abundance of raw materials and low CO, footprint in the
material production.

The main goal of this thesis is to develop limestone-calcined clay-based
cementitious materials for 3DCP. In order to develop such printable mixtures,
investigations about the effect of different material and printing parameters on fresh
and hardened properties were conducted.

In Chapter 1, the subject of this research, including background, motivation,
objectives, scope and strategy, was clarified. Chapter 2 provided a systematic review of
the available printing strategies, sustainable cementitious materials, and
characterization methods for 3DCP. The influences of different contents of limestone
and calcined clay, different dosages of viscosity modifying admixture (VMA) and
different grade levels of calcined clays on fresh-state behaviors, 3D printability, stiffness
evolution, hydration, compressive strength, and interlayer properties of
limestone-calcined clay-based cementitious materials were investigated in Chapters 3,
4 and 5. For the 3D printed cementitious materials, air voids may play a dominant role
in the interlayer bond strength. In Chapter 6, the typical air void system of 3D printed
cementitious materials was characterized via digital image analysis. In addition to the
thixotropy of printable mixtures, printing parameters also strongly affect the interlayer
bond strength. Chapter 7 investigated the effect of two printing parameters, i.e., time
gaps and nozzle standoff distances, on interlayer bond strength of limestone-calcined
clay-based 3D printed cementitious materials. Since most of the techniques related to
3DCP are currently under development, it may still be a long way to widely use the
proposed materials in practice. =~ Chapter 8 discussed the concerns, barriers,
state-of-the-art solutions, economic and sustainability potentials for using 3DCP in
building and infrastructure construction. The last chapter included retrospection,
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conclusions, and recommendations for further work.

The main findings of a series of experimental studies were summarized as follows:

Increasing the content of calcined clay and limestone from 0 wt.% to 90 wt.% in
binder can reduce the slump, flowability, initial material flow rate, extrudability
window, and initial setting time, improve the buildability, and accelerate the growth of
the total specific surface area within the first 3 h. Such effects can link to the decrease of
water film thickness and consumption of superplasticizer, which may be attributed to
calcined clay’s layered structure, high content of reactive aluminate, and high specific
surface area. Besides, the high PC replacements led to severe dilution effects on
hydration and compressive strength.

Increasing the dosage of VMA from 0.14% to 0.48% of the binder mass (binder: 40
wt.% calcined clay, 20 wt.% limestone, 40 wt.% PC) can increase the extrusion pressure,
buildability, and green strength within the first 2.5 h, reduce the slump, flowability and
open time, and delay the cement hydration. The mixture containing 0.24% of VMA
showed satisfactory 3D printability, and optimal mechanical performance.

Increasing the high-grade calcined clay (HGCC) content from 0 wt.% to 50 wt.% in
calcined clay (binder: 40 wt.% calcined clay, 20 wt.% limestone, 40 wt.% PC) can
increase the extrusion pressure and flow consistency, improve the buildability, reduce
the open time, and accelerate the cement hydration. However, increasing HGCC% led
to an increase of air void content in the interface region of the printed sample, which
weakened the compressive strength of the printed sample at 7 days. Blending HGCC in
the mixture may contribute to enhancing particle flocculation and increasing water
adsorption induced by the fine grain size, and high specific surface area.

In 3D printed cementitious materials (developed in this project), most of the air
voids with the diameter in the range of 10-1000 um were distributed evenly in the layer
region. Large air voids (1000-6000 um) were enclosed mainly between the printed
filaments (interface region), which resulted in the relatively higher local porosity than
that of layer region. Additionally, the majority of air voids displayed irregular and
elongated shapes, which could be due to the extrusion and layer-wise manufacturing
processes in 3D printing.

Extending the time interval between two layers decreased the bond strength. In
contrast, only increasing the nozzle standoff distance exhibited limited effects on that.
The weak bond strength could be ascribed to the high local porosity at the interface of
the specimen.
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3D betonprinten op basis van extrusie (3DCP) heeft aanzienlijke aandacht ontvangen
van zowel de academische wereld als de industrie. Dit is te danken aan de talloze
voordelen die het heeft voor betonconstructies, zoals toename in ontwerpvrijheid, het
niet nodig hebben van bekisting, optimalisatie van materiaalgebruik en vermindering
van kosten, manuren en afval. Het leeuwendeel van de beschikbare 3D printbare
cementgebonden materialen bestaat echter voor een groot deel uit Portlandcement
(PC), wat de duurzaamheids-voordelen van 3DCP betreffende afwezigheid van
bekisting en materiaal-efficiént ontwerp teniet kan doen. Tot op heden zijn aanzienlijke
pogingen gedaan om een duurzaam cementgebonden materiaal te ontwikkelen binnen
de context van 3DCP. De meest gebruikte strategie voor het verminderen van de
toepassing van PC is het toepassen van veelvoorkomende aanvullende
cementgebonden materialen (SCMs) zoals vliegas, microsilica en hoogovenslak, die
worden gebruikt als ingrediént voor het bindmiddel in 3D printbare cementgebonden
materialen. Deze veel toegepaste SCMs zijn een bijproduct van industriéle processen,
en waarvan de bronmaterialen uiteindelijk uitgeput zullen raken. Voor de lange
termijn-ontwikkeling lijken kalksteen en gecalcineerde klei een geschikt alternatief voor
deze SCMs, gezien de wereldwijde overvloed van de ruwe basismaterialen en de lage
CO; voetafdruk bij de productie van deze materialen.

Het hoofddoel van deze dissertatie is het ontwikkelen van een cementgebonden
materiaal voor 3DCP gebaseerd op kalksteen en gecalcineerde klei. Hiertoe is
onderzoek uitgevoerd naar de invloed van verschillende materiaal- en
print-parameters op verse en uitgeharde eigenschappen van het beton, teneinde een
printbare mix te kunnen ontwikkelen.

In hoofdstuk 1 wordt het onderwerp van dit onderzoek, inclusief achtergrond,
motivatie, doelen en omvang en strategie van het onderzoek verduidelijkt. Hoofdstuk 2
verschaft een gestructureerd overzicht van de beschikbare print strategieén, duurzame
cementgebonden materialen en de karakterisering methodes voor 3DCP. De invloeden
van verschillende hoeveelheden kalksteen en gecalcineerde klei, variérende dosissen
viscositeit modificerend middel (VMA) en verschillende graadniveaus van het
gecalcineerde klei op het gedrag van de verse mix, waaronder 3D printbaarheid,
stijtheid evolutie over tijd, hydratatie, druksterkte en aanhechtingseigenschappen van
kalksteen en gecalcineerde klei bevattende cementgebonden materialen zijn
onderzocht in Hoofdstuk 3, 4 en 5. Voor 3D geprint cementgebonden materiaal kunnen
luchtbellen een dominante rol spelen voor de aanhechting tussen de lagen. Hoofdstuk
6 karakteriseert de typische luchtbellenstructuur van 3D geprint cementgebonden
materiaal door middel van digitale beeldanalyse. Naast de invloed op de thixotropie
van printbare materialen hebben printparameters ook een sterk effect op de
laagaanhechting. Hoofdstuk 7 onderzoekt het effect van twee printparameters, te weten
tijdsinterval tussen de lagen en de printkopafstand, op de hechtingssterkte tussen de
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lagen van kalksteen en gecalcineerde klei bevattend cementgebonden materialen.
Omdat de meeste technieken met betrekking tot 3DCP op het moment van schrijven
onder ontwikkeling zijn, is er mogelijk nog een lange weg te gaan voordat de
voorgestelde materialen toegepast worden in de praktijk. Hoofdstuk 8 bepreekt de
bedenkingen, barriéres, ultramoderne oplossingen en het economisch en duurzaam
potentieel voor het gebruik van 3DCP in gebouwen en infrastructurele constructies.
Het laatste hoofdstuk bevat reflectie, conclusies en aanbevelingen voor toekomstig
onderzoek.

De hoofdconclusies van een serie experimentele onderzoeken zijn als volgt
samengevat:

Het verhogen van het aandeel gecalcineerd klei en kalksteen in het bindmiddel van
0 wt.% naar 90 wt.% kan de Zetmaat, verwerkbaarheid, initiéle vloeibaarheid van het
materiaal, periode waarbinnen extrusie mogelijk is en initiéle uithardingstijd doen
afnemen, de bouwbaarheid doen toenemen en groei van het totale specifieke
oppervlak in de eerste drie uur doen versnellen. Dergelijke effecten kunnen gelinkt
worden aan de afname van de dikte van de vloeistoffilm en het gebruik van
superplastificeerder, wat toegeschreven kan worden aan de gelaagde structuur van
gecalcineerde klei, de aanwezigheid van een grote hoeveelheid reactief aluminaat en
een hoog specifiek oppervlak. De grote hoeveelheid PC-vervangers zorgde daarnaast
ook voor hevige afname van hydratatie en van druksterkte.

Het verhogen van de dosering van VMA van 0.14% tot 0.48% van de
bindmiddelmassa (bindmiddel: 40 wt.% gecalcineerde klei, 20 wt.% kalksteen, 40 wt.%
PC) kan de druk waarbij extrusie plaatsvindt, de bouwbaarheid en de verse druksterkte
binnen de eerste 2.5 uur verhogen, de vloeibaarheid en de open tijd verminderen, en de
cementhydratatie vertragen. De mix met 0.24% VMA vertoonde een bevredigende
3D-printbaarheid en optimale mechanische prestaties. Verhoging van het
HGCC-gehalte (hoogwaardige gecalcineerde klei) van 0 tot 50 wt.% in gecalcineerde klei
(bindmiddel: 40 wt.% gecalcineerde klei, 20 wt.% kalksteen, 40 wt.% PC) kan de druk
waarbij extrusie plaatsvindt en de viscositeit verhogen, de bouwbaarheid verbeteren, de
open tijd verkorten en de cementhydratatie versnellen. Het verhogen van het
HGCC-gehalte leidde echter tot een toename van het gehalte aan luchtbellen in het
grensvlak van het geprinte proefstuk, waardoor de druksterkte van het geprinte
proefstuk na 7 dagen afnam. Het bijmengen van HGCC in de mix kan bijdragen tot het
verbeteren van de flocculatie en het verhogen van de wateradsorptie door de fijne
korrelgrootte en het hoge specifieke oppervlak.

In de in dit project ontwikkelde 3D geprint cementgebonden materialen zijn veel
luchtbellen met een diameter van 10-1000 um gelijkwaardig verdeeld over de printlaag.
Grote luchtbellen (1000-6000 um) zijn te vinden tussen de opeenvolgende printlagen
(aanhechtingsgebied), wat resulteert in een relatief hoger lokale porositeit dan die in de
printlaag. Hiernaast vertoont het gros van de luchtbellen onregelmatige en langwerpige
vormen, wat het gevolg kan zijn van het fabricageproces van het stapelen van meerdere
printlagen doormiddel van extrusie.

Het verlengen van het tijdsinterval tussen twee na elkaar geprinte lagen verlaagde
de hechtsterkte van deze lagen. Daarentegen heeft het vergroten van de printkop
afstand slechts beperkte invloed op deze aanhechtsterkte. Een zwakke aanhechting kan
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worden toegeschreven aan de hoge lokale porositeit in het aanhechtingsgebied van het
testspecimen.
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INTRODUCTION

This chapter presents the background and motivation of the current thesis. After that, the
objectives, scope and strategy of the research are illustrated. Finally, a summary of the
thesis outline is given.

Parts of this chapter were published in Heron 62, 167 (2017) and Cement and Concrete Research 132, 106040
(2020) [1, 2].



4 1. INTRODUCTION

1.1. INTRODUCTION

ONCRETE is volumetrically the most widely used human-made construction

material throughout the world. There are many advantages to using concrete for
the construction of buildings and other types of structures. First, concrete is typically
preferred for its low cost, high strength, as well as exceptional durability [3-5]. The
second reason is that the raw materials for concrete can be obtained practically
anywhere in the world. Furthermore, concrete is also a flexible material giving
considerable design freedom to architects [6]. The world consumption of concrete is
close to 25 billion tons each year. This means globally more than 3.8 tons of concrete is
used per person each single year [7]. The massive production and consumption of
concrete generates a substantial burden on our living environment. The manufacturing
processes of Portland cement consume large quantities of energy and emit massive
amounts of greenhouse gases [5]. According to Dong et al. [8], the cement industry is
currently responsible for 5-7% of the global total CO, emissions. As a primary
construction material, concrete will continue to be in demand far into the future (see
Figure 1.1) [9]. It is necessary to improve the sustainability of concrete structures to
make sure that concrete will still be a competitive construction material [10]. Moreover,
labor safety is an increasing concern for in-situ concrete manufacturing. Skilled
workmanship is required in the processes of placing and connecting the reinforcement,
and erecting the formwork, especially for casting customized geometries [11]. The
workers are continuously threatened by work-related injuries and illnesses [12, 13].

Figure 1.1: Portland cement production worldwide from 1990 to 2050, adapted from [9].

Additive manufacturing (AM) appears to be a viable solution to address the
challenges of current concrete industry described above. AM has been developing
rapidly in different fields of science and engineering in the past few decades [14, 15].
American Society for Testing and Materials [16] defines AM as “a layer-based process of
joining materials to fabricate objects based on 3D model data”. AM technologies have
become a daily routine in many industries [14, 17], e.g., aerospace, biomedical, and
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food [17]. In the construction industry, AM of concrete is a natural choice since
concrete is the most widely used construction material worldwide. 3D concrete
printing, or digital concrete construction, has been under development for the past 20
years with an increasing rate of research and application [18]. Currently, two major
printing technologies are under development: extrusion-based and selective binding
methods [19]. This thesis focuses on extrusion-based 3D concrete printing (3DCP).
Many companies, such as Contour Crafting, XtreeE, CyBe, Apis Cor, WinSun, and
others, attempted to implement 3DCP in practice [20], showing the potential of this
technology.

Development of 3DCP could bring massive benefits to building and construction
projects. As illustrated by [18, 21, 22], 3DCP can eliminate the need for formwork,
reduce the required cost and time of construction, increase the safety of construction
site and flexibility of architectural design. However, as mentioned by Wangler et al. [23],
a relatively high cement content in the mix design of digital concrete is needed to satisfy
the rheological requirements during the manufacturing process, neutralizes the benefit
of material-efficient designs. For 3DCP most proposed mixtures contain larger
quantities of Portland cement than typical conventionally cast concrete [24] with
similar mechanical performance. It is clear that for 3DCP techniques to become an
alternative to current practices, sustainable binders must be developed that are
technically capable yet do not compromise sustainability. As the technology matures,
researchers now need to develop sustainable cementitious materials by replacing part
of Portland cement with supplementary cementitious materials (SCMs) for 3DCP.
Common SCMs, such as fly ash, silica fume, and blast-furnace slag, have been involved
in many sustainable and 3D printable concrete proposals (see [20-22, 25]). However,
limitations may appear using these common SCMs as the main ingredients of 3D
printable cementitious materials for a long-term application. As shown in Figure 1.2,
the main problem for silica fume and slag is the limited quantity of their production
[6, 26]. The amount of fly ash is relatively higher, whereas more than 66% of available fly
ash is not suitable for blending with cement due to quality reasons [27].

Figure 1.2: Quantities of common supplementary cementing materials (SCMs), adapted from [26].

Scrivener et al. [26] pointed out that limestone and calcined clay cement is an
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appropriate solution for developing sustainable concrete in the longer term. Using
calcined clay, especially when clays with a lower kaolinite content are used, in concrete
shows remarkable advantages, including: (1) lower CO» emissions during the
production of calcined clay [26, 28]; (2) worldwide abundance (see Figure 1.2)
[26, 29, 30]; (3) comparable early-age strength [31-33]; (4) capillary porosity refinement
due to the pozzolanic reaction [26, 29, 30, 34, 35]; (5) lower cost [28, 36]. Note that, at
present, the benefits of using calcined clay in printable concrete might not be that
significant since 3DCP is not widely used yet. Nevertheless, given the potential of 3DCP
technology, it is worthwhile to provide a more sustainable and economical option.
However, a systematic investigation of developing limestone and calcined clay-based
cementitious materials for 3DCP has not been conducted to date.

1.2. RESEARCH AIM AND OBJECTIVES
HIS thesis aims to develop sustainable cementitious materials for 3DCP
by using limestone and calcined clay as the substitutions of Portland cement. For
developing such materials, studies and understanding about the effects of different
parameters on their fresh-state behaviors and hardened properties are essential. To
reach this goal, the following tasks are required:

° Owing to the material features of calcined clay, i.e., high content of reactive
aluminate, fine particle size, high specific surface area (SSA), and layered particle
structure, increasing the content of calcined clay may enhance the static yield
stress and structural build-up (potentially improve the buildability), reduce the
workability, and consequently increase the demand of water and superplasticizer
(may adversely affect the extrudability). The compressive strength and cement
hydration appear to be decreased by increasing the content of calcined clay and
limestone. Thus, the first objective is to investigate the effect of different
replacement levels of Portland cement on fresh and hardened properties of
limestone-calcined clay-based cementitious materials for 3SDCP.

e Utilizing a combination of cellulose-derivative viscosity modifying admixture
(VMA) and superplasticizer is a strategy to develop 3D printable cementitious
materials. The competitive effects between VMA and superplasticizer in a
suspension can increase the yield stress and viscosity, which may be suitable for
buildability. However, this effect will significantly increase extrusion pressure,
adversely affecting extrudability. The dosage of VMA becomes very critical.
Therefore, the effect of different dosages of VMA on fresh and hardened
properties of a 3D printable limestone-calcined clay-based cementitious material
needs to be explored. The optimal dosage of VMA should be determined.

 Calcined clays that are sourced from different suppliers may exhibit different
chemical compositions (especially metakaolin contents and secondary phases),
and physical properties, i.e., fineness, morphology, SSA, and density. These
differences may bring substantial influences on the rheology and thixotropy of
fresh mixtures. The term of different-grade was used to represent various
metakaolin contents in calcined clays. Thus, the third objective is to investigate
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the effect of different grade levels of calcined clays on fresh and hardened
properties of limestone-calcined clay-based cementitious materials for 3DCP.

* For many 3D printed cementitious materials, air voids may play a dominant role
in the interlayer bond strength. However, there is still a lack of research to reveal
the air void characteristics in 3D printed cementitious materials. The fourth
objective is to systematically characterize the typical air void system of 3D
printed cementitious materials.

* The interlayer bonding between two layers appears to be influenced by not only
the thixotropy of printable mixtures but also the printing parameters. The effect
of different printing parameters (time gaps, and nozzle standoff distances) on
interlayer bond strength of 3D printed cementitious materials needs to be
investigated.

1.3. RESEARCH SCOPE

XTRUSION of sufficiently stiff materials that is one of the printing approaches
E summarized by Mechtcherine et al. [37] is the main printing strategy in this thesis.
The extrusion force was only provided by the rotor and stator-based conveying pump.
The developed fresh mixtures should exhibit proper flow consistency during printing,
and high stiffness and near-zero slump after deposition.

Rheology and thixotropy of cementitious materials depend on the mix design,
which is related to volumetric and compositional features (presence of cement, filler,
and SCMs) of the binder system, particle shape, content and gradation of the aggregate,
the water to binder ratio, as well as type and dosage of the admixture. In the
development of limestone and calcined clay-based 3D printable cementitious
materials, it would be too complicated to study all parameters. Therefore, in the
material aspect, variations of the following parameters were considered:

* Different replacement levels of Portland cement by limestone and calcined clay.
 Different dosages of viscosity-modifying admixture additions.
« Different grade levels of calcined clays.

Note that raw materials, i.e., CEM I 52.5R Portland cement, limestone powder
(CALCITEC 2001M, Carmeuse), polycarboxylate ether-based superplasticizers
(MasterGlenium®51, BASF), hydroxypropyl methylcellulose-based viscosity-modifying
admixture (Powder type, Shanghai Ying Jia Industrial Development Co., Ltd), and
quartz sand (0.125-2 mm) were used throughout the study. Two types of calcined clay
were employed. A low-grade calcined clay (LGCC), which contained about 50 wt.% of
metakaolin, was purchased from Argeco, France. The other one, with nearly 95 wt.% of
metakaolin, was regarded as a high-grade calcined clay (HGCC) supplied by Burgess,
USA. The same sand gradation, water to binder (0.3), and sand to binder (1.5) mass
ratios were employed throughout the thesis. The experimental findings presented in
the current thesis should only be considered concerning the materials and methods
used in this study.
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In contrast, hardened properties of 3D printed cementitious materials do not only
rely on the mix design but also on the printing parameters, i.e., printing speeds, nozzle
types, time intervals between layers, nozzle standoff distances, printing environments,
curing conditions, and others. Not all these parameters showed significant impacts on
interface adhesion from literature. This study concentrates on time intervals between
layers and nozzle standoff distances.

1.4. STRATEGY OF THIS RESEARCH
T 0 achieve the objectives of this thesis, the strategies are presented as follows:

* First, extrudability and very early-age strength had to be emphasized as two major
constraints of developing printable cementitious materials. Experimental tests,
i.e., slump, slump flow, ram extrusion and green strength tests, were employed
to quantify such fresh state behaviors of developed limestone and calcined clay-
based cementitious materials for 3DCP.

* Second, for characterizing the 3D printability of developed limestone and calcined
clay-based cementitious materials, extrudability, open time and buildability tests
were proposed and performed on the basis of a lab-scale 3DCP setup.

* Third, the compressive strength of 3D printed limestone and calcined clay-based
cementitious materials were examined to determine the anisotropic behaviors, as
well as influences of the different replacement levels of Portland cement, different
dosages of viscosity-modifying admixture, and different grade levels of calcined
clays on material strength, respectively. Additionally, for investigating the effect of
different printing parameters, the uniaxial tensile test was employed to quantify
the interface adhesion of printed specimens.

 Fourth, X-ray computed tomography, and optical image scanning were employed
to acquire the micrographs for characterizing the typical air void system of 3D
printed cementitious materials.

e Fifth, isothermal calorimetry was used to study the influences of different
material parameters on hydration kinetics. Thermogravimetric analysis was
carried out for assessing phase assemblages of the studied mixtures at various
ages. Brunauer-Emmett-Telle specific surface area of hydrated cementitious
materials at the material age of 1 h and 3 h were quantified by liquid nitrogen
adsorption method for studying the very early-age cement hydration.

1.5. THESIS OUTLINE

HE thesis comprises 9 chapters and is divided into three parts: general introduction,
T experimental investigation, and discussion and conclusion. An illustration of the
thesis outline is given in Figure 1.3.

The current chapter introduces the research background, motivation, scope,
objective, and corresponding methodology.
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Figure 1.3: Outline of the thesis.
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Chapter 2 is reserved for literature review. A systematic review of the available
printing strategies, sustainable cementitious materials and characterization methods of
fresh properties and interlayer behaviors for printable cementitious materials is given.

Chapter 3 studies the effect of different replacement levels of Portland cement by
limestone and calcined clay on slump and slump flow, 3D printability, stiffness
evolution, compressive strength, and early-age hydration.

Chapter 4 evaluates the fresh and hardened properties of limestone-calcined clay-
based 3D printable cementitious materials. The effect of different dosages of VMA on
flowability, green strength development, 3D printability, compressive strength, air void
content and distribution, and hydration is studied.

Chapter 5 investigates the effect of different grade levels of calcined clays on ram
extrusion rheology, 3D printability, compressive strength, air void content and
distribution, and hydration.

Chapter 6 attempts to systematically characterize the typical air void system of
limestone-calcined clay-based 3D printed cementitious materials via image acquisition
and analysis techniques.

Chapter 7 investigates the effect of different printing parameters (time gaps, and
nozzle standoff distance) on interlayer bond strength of limestone-calcined clay-based
3D printed cementitious materials.

Chapter 8 discusses the challenges and opportunities of implementing 3DCP in
building and infrastructure construction, considering its technical, sustainable, and
economic potentials.

Chapter 9 contains conclusions and recommendations.
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LITERATURE REVIEW

This chapter aims to provide a systematical review of the available printing strategies,
sustainable cementitious materials and characterization methods for extrusion-based
3D concrete printing (3DCP). The printing strategies, consisting of printing setup,
process, and material requirements, were summarized initially. In the material aspect,
the high ordinary Portland cement (OPC) content in most printable mixtures is still a
major issue that impedes the sustainability of 3DCP. This can be resolved by partially
substituting OPC with supplementary cementitious materials (SCMs). In this review, the
effect of different SCMs on fresh-state behaviors and 3D printing of cementitious
materials was comprehensively discussed.  Finally, a series of test methods for

quantitively characterizing fresh properties, 3D printability and interlayer behaviors
were summarized and reviewed.
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2.1. INTRODUCTION

ANY recent studies attempted to develop sustainable cementitious materials for
M extrusion-based 3D concrete printing (3DCP) by employing different approaches,
for instance, partially replacing ordinary Portland cement (OPC) by supplementary
cementitious materials (SCMs) [1, 2], partially substituting natural aggregate by
recycled aggregate [3-5], or with other industrial wastes [6, 7]. However, to date, the way
to enhance the sustainability of 3DCP especially within the context of using low OPC
(SCMs-based) binders in printable cementitious materials, has not been adequately
summarized. Additionally, there is lack of a comprehensive review about the influences
of different SCMs on the rheology and 3D printability of fresh cementitious materials.

Compared with conventional concrete, many distinct fresh-state behaviors, e.g.,
pumpability, extrudability, and buildability, are required in 3DCP [8, 9]. These material
behaviors are primarily constrained by the printing strategy, i.e., the printing system
and process. Generally, 3D printable cementitious materials should be formulated
compatible with the printing strategy. In addition, the methods for investigating the
fresh and hardened properties of conventional cementitious materials do not satisfy
the demands for quantifying and developing 3D printable cementitious materials.
Many modified or novel methods that were proposed in this context were, therefore,
need to be summarized. For a comprehensive demonstration of state-of-the-art review
on 3D printable cementitious materials, all the above-mentioned aspects should be
taken into consideration.

The goal of this study is to systematically review and discuss the printing strategies,
sustainable cementitious materials, and characterization methods for 3DCP. Therefore,
this chapter was organized into three distinct parts, the first of which was to explore the
available 3DCP strategies, including the printing system and process, as well as the
requirements of material behaviors. In the second part, a comprehensive review of
SCMs-based binders used in the available 3D printable cementitious materials was
presented. The influences of different SCMs on the rheology and 3D printing of fresh
mixtures were highlighted and discussed. Finally, the test methods for characterizing
the fresh properties and interlayer behaviors of 3D printed cementitious materials were
summarized.

2.2. EXTRUSION-BASED 3D CONCRETE PRINTING STRATEGY

0sT of the 3DCP systems being used in both academic institutes and construction
M industry consist of three primary units: a deposition setup, a control unit, and a
material conveying system. Both 3- or 4-axis gantry-based and 6-axis robotic
deposition setups were implemented. The deposition setup is controlled by the control
unit to fulfill a predefined printing path that is programmed by the operator. The
material conveying system may comprise a series of components, i.e., a mixing
machine, a pump, a printhead, and others, for preparing, pumping, and extruding the
fresh mixtures.
In material preparation, there are two main strategies, as mentioned by Wolfs [10].
First, the fresh mixture is mixed in multiple batches and hereafter delivered manually or
automated to the hopper of the progressive cavity pump (see Figure 2.1(a)). This
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approach is mainly preferred in a small-scale application, e.g., printable material
development and other experimental activities. Second, a continuous system, such as
an inline mixing machine that works with the pump synchronously (see Figure 2.1(b)),
is required for large-scale construction. The various mixing strategies may lead to
different demands on fresh mixtures. For example, the former may require fresh
mixtures with a relatively longer open time/printability window than the latter.
However, it also depends on the hose length and material flow rate. Due to the short
and intense mixing procedures, the inline mixing approach may not be a proper way for
preparing certain fresh mixtures, which contained a high dosage of fibers and/or
exhibited high yield stress and viscosity during the mixing process. There is still some
discussion concerning which strategy would be the most appropriate. In different
cases, the size of each batch and the mixing strategy are primarily dependent on
factors, e.g., the geometry of printed component, volume deposition rate (material flow
rate), and open time of the printing material [11].

In many cases, the pumping and extrusion forces are generally supplied by a ram
extruder or a material conveying pump on the basis of a rotor-stator configuration (see
Figure 2.1(a)). The printhead could be a simple nozzle that has the rectangle opening
(most time) with or without a geometric reduction. Roussel [12] mentioned that the
shear force between fresh mixtures and the inner wall of hose and nozzle is
concentrated at the interface that is also regarded as the lubrication layer. The ability to
form the lubrication layer of fresh mixtures becomes critical to evaluate its pumpability
and extrudability. During the pumping and extrusion process, a plug zone might exist
where the material may already be flocculated and exhibited a certain yield stress.
Therefore, the material showed high/sufficient stiffness and near zero-slump after
deposition from the nozzle. This strategy is classified as the extrusion of high or
sufficiently stiff materials in Mechtcherine et al. [13].

However, it should be noted that the pumping distance (hose length) for extrusion
of stiff materials is limited due to the high pumping pressure induced by the high yield
stress and plastic viscosity (leading to a significant increase of material temperature and
a short initial setting time). Thus, the extrusion of flowable material is proposed as a
superior strategy for 3DCP. The material exhibits exceptionally high fluidity, requiring
significantly lower pump pressure and energy input than the high/sufficiently stiff
material during the mixing, pumping, and extrusion processes. However, once the
flowable material is deposited from the nozzle, it should reach sufficient stiffness
rapidly. Enhancing the stiffness of the flowable mixture within a short time is quite
critical in this context. Rheology-/hydration-control (or set on-demand) as a proper
way is therefore proposed by many researchers [15, 19-21]. Accelerating the stiffness of
material during and after deposition is the main idea of this strategy. As mentioned by
Mechtcherine et al. [13], the principle of this strategy is to mix “active agent”, which
could be a chemical accelerator, an organic rheology modifier, or a kind of fast-set
cement slurry (such as aluminate-based cement [22]), with the fresh mixture in the
printhead (see Figure 2.2). To achieve the goal of this strategy, it largely depends on the
dispersion/mixing of “active agent” and the design of the printhead. Earlier attempts of
this strategy were made by [15, 23-25]. On the other hand, the pumping process may be
excluded in several 3DCP systems, which only consist of a large volume of V-shape
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(a)

(b)

Figure 2.1: Typical 3DCP experimental setups. (a) 4-axis gantry-based system, multiple batches (material preparation), and
rotor-stator-based pump, adapted from [14]; (b) 6-axis robotic arm, continuous mixing (material preparation), and rotor-
stator-based pump, adapted from [15].
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(a)

(b)

Figure 2.2: (a) Diagram of set-on-demand printing system, adapted from [16]; (b) Photographs of the set-on-demand printing
system and printed columns at ETH Ziirich, adapted from [17].

Figure 2.3: 3DCP experimental setup at TU Dresden: 4-axis gantry-based system, multiple batches, and screw extruder,
adapted from [18].
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material hopper and a screw extruder (see Figure 2.3). The prepared fresh mixture is
poured into the hopper directly. Dependent on the gravitational flow with or without
the additional energy input (which depends on the fluidity of fresh mixtures), the
material is transported to the bottom of the hopper, where the screw extruder is
positioned.

2.3. SCM-BASED CEMENTITIOUS MATERIALS FOR 3DCP

ECHNICALLY, most available 3D printable cementitious materials are designed
T in the form of grout and mortar as typically fine aggregate of smaller than 2 mm is
employed. 3D printable cementitious materials in this study are mainly referred to as
printable mortars, which primarily contain three components: binder, fine aggregate,
and water. Compared to mold-cast concrete, 3D printable cementitious materials may
require a much higher amount of OPC. As shown in Figure 2.4, the proportion of OPC in
most of the 3D printable cementitious materials is more than 20 wt.%. Assuming a
typical concrete mixture’s unit weight is 2200 kg/m?, the majority of printable mixtures
would contain at least 330 kg/m® of OPC. In Figure 2.4, the aggregate to binder mass
ratio (A/B) is smaller than 2 in most of printable mixtures, whereas the A/B is of the
order 3-3.5 in high strength mold-cast concrete (equal or greater than 60 MPa of
compressive strength at 28 days), and more than 5 in moderate strength mold-cast
concrete (about 30 MPa of compressive strength at 28 days) [26].

There are two strategies for developing low OPC-content cementitious materials in
the field of 3DCP: (1) Use supplementary cementitious materials (SCMs) or other types
of low carbon cement to substitute a high volume of OPC; (2) Reduce the binder content
by increasing the proportion of aggregate (the binder composition is fixed). This study
focuses on the cement replacement strategy, while the reader could refer to works [9, 27,
28] for the A/B modification strategy.

2.3.1. EFFECT OF COMMON SCMS ON FRESH PROPERTIES

Common SCMs, including fly ash, blast furnace slag, and silica fume, were used as a
partial replacement of OPC/clinker in 3D printable cementitious materials [41-43]. The
initial idea of using such SCMs in printable mixtures was to improve the packing density,
cohesion, and flow consistency. The addition of SCMs could significantly influence the
rheological behavior of fresh mixtures. However, for different SCMs, the impacts on fresh
properties may not be the same, as shown in Table 2.1.

Depending on the coal composition, fly ash can be distinguished as siliceous (Class
F) and calcareous (Class C) types [44]. Compared to siliceous fly ash, calcareous fly ash
contains a much higher content of reactive CaO, which could enable self-cementitious
properties [44-46]. In this study, fly ash (FA) is referred to as siliceous/Class F fly ash as
it was mainly used in the available printable cementitious materials. For example,
Panda et al. [1, 33, 39, 40] proposed many 3D printable cementitious materials
containing a high volume of FA. Up to 80% of OPC in the binder mass was replaced by
FA in their study [33]. FA particles having high sphericity and smooth surface texture
improve the flowability of self-compacting concrete [47, 48]. Due to the “ball bearing
effect”, replacing a high amount of OPC by FA may reduce the yield stress and plastic
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Figure 2.4: Literature survey of OPC content and aggregate to binder mass ratio in different 3D printable mortars. Data from
Refs: [1, 2,9, 29-40].

viscosity [47, 49], which could contribute to the pumpability of fresh mixtures.
However, the unburnt coal in FA could adsorb superplasticizer or the mixing water,
which may affect the workability of fresh mixtures [47]. On the other hand, FA showed
similar or relatively coarser particle size and smaller density than OPC. Using a high
volume of FA in the binding material could result in a significant dilution effect, i.e.,
reducing the number of cement particle flocs, adversely affecting structural build-up,
delaying the initial setting and early hydration [47]. For improving the structural
build-up of such blended mixtures, other SCMs, like silica fume/micro-silica
(2, 9, 29, 30, 32, 50, 51], could be used to formulate the ternary binder system
(cement-FA-silica fume) for 3DCP. Additionally, admixture, e.g., nano attapulgite clay,
and methyl cellulose-based viscosity modifying admixture (VMA), is also feasible to
enhance the robustness and thixotropy of such high volume of FA based printable
cementitious materials [1, 36, 40, 52]. Besides, it should be noted that replacing OPC
with a very high volume of FA (more than 50 wt.% of binder) may require alkalization
for the setting and hardening process. The general approaches for activating FA-based
binders included: grinding FA (for increasing specific surface area and reducing
fineness), introducing a small content of highly reactive materials (e.g., silica fume),
and adding a proper dosage of chemical activator [44]. Panda et al. [39, 40] added about
3 wt.% (of binder) sodium sulfate as the activating agent for enhancing the early
strength of their high-volume FA based printable cementitious materials.

Granulated blast furnace slag (GBFS) is also a very commonly used and valuable
SCM. For achieving good reactivity, slag is further ground to a fineness comparable to
cement particles [53, 54]. Due to its latent hydraulic property, the ground granulated
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blast furnace slag (GGBS) can replace up to 95% of clinker in European CEM III /C
cement, according to EN 197-1 [55]. Due to the micro-filling effect, the workability may
be improved by increasing OPC substitution using GGBS [44, 47, 54]. However, the
effect of GGBS on the rheology of fresh mixtures is mostly dependent on its physical
and chemical properties. Compared to OPC, the GGBS with smooth particle surface
and low reactivity could improve workability, resulting in decreased plastic viscosity
and/or yield stress (see [56, 57]). In contrast, the water and superplasticizer demands
are increased by using the GGBS that has a relatively high specific surface area (SSA)
and chemical reactivity [47]. Currently, there are only a few attempts to develop
GGBS-based cementitious materials for 3DCP. Panda et al. [34] investigated the
rheology, 3D printability, and compressive strength of ternary blends containing GGBS,
cement, and lime. Their work confirmed that it is possible to employ a high volume of
slag (70-85 wt.% of binder) in 3D printable cementitious materials. Rahul et al. [31]
studied desorptivity of a GGBS-based cementitious material (50% of GGBS in binder)
for 3DCP. Chaves Figueiredo et al. [52] developed a series of printable strain-hardening
cementitious composites that comprised GGBS, OPC, and limestone. Nevertheless,
most of the studies [58-64] in literature focused on developing alkali-activated slag- or
slag and fly ash-based geopolymer materials for 3D printing, which is beyond the scope
of this study, and therefore, is not discussed.

Silica fume (SF) can fill the space between other cementitious particles to increase
the packing density and improve the cohesion due to its ultrafine particle size, round
shape, and extremely high SSA. The water and superplasticizer demand and inner
particle friction are increased by using SF as the constituent of binder [47, 65-68]. Many
studies [47, 69-72] showed that both yield stress and plastic viscosity are increased
upon addition of SE whereas the opposite results (decrease in yield stress and/or plastic
viscosity) were observed in cases [57, 73, 74]. According to [47, 72, 75], this is primarily
due to the different physical characteristics (e.g., surface properties, density, and
morphology) and volume fraction of SF in different studies. Besides, the effect of SF on
rheology is also related to the different water to binder ratios and different types of
superplasticizers. The ternary blend appears very frequent in the available mix designs
for 3DCP. Such ternary blends may comprise OPC, one of SCMs with moderate particle
size (FA, GGBS, or limestone powder), and one of the ultrafine materials, i.e., SE or
other inorganic fines. Examples of these ternary blend systems can be found in
[9, 32, 36, 37, 72, 76]. SF was used as an SCM addition with up to 20% of binder mass
[32] in 3D printable cementitious materials. In this context, SF can improve the flow
consistency of fresh mixture for extrusion and enhance the buildability and structural
build-up at rest, attributed to the filler effect. As stated by Lothenbach et al. [77], more
nucleation sites for the hydration products of cement phases are provided by the fine
SCMs, like SF and metakaolin.

For a long-term application, the main challenge with respect to the utilization of
common SCMs (FA, GGBS, and SF) is their gradually reducing production and
availability [78]. As shown in Table 2.1, the total amount of SF is only 1-2.5 Mt/year. The
quantity of slag is much higher than SE whereas it is about 5-10% of OPC. Under the
environmental pressures, the amount of slag is severely affected by the decrease in iron
production due to the wide application of recycled steel. The estimated annual
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production of FA is 700-1100 Mt. However, not all FA is suitable for the use in cement
due to quality reasons [78]. Additionally, the supply chain of FA is threatened by reasons
such as retirement or elimination of coal-fired power plants in many countries (e.g., the
USA, the UK, and the Netherlands) [53]. Finding alternative SCMs appears to be a
critical task in order to ensure uninterrupted supply of SCMs-based cementitious
materials. Owing to the abundant availability worldwide, (calcined) clay and limestone
stand out as the ideal alternatives.

2.3.2. EFFECT OF LIMESTONE AND CALCINED CLAY ON FRESH PROPERTIES
Limestone powder is utilized as a kind of filler component in the binding material.
Similar to the SCMs mentioned earlier, the effect of limestone on rheology is linked to
the physical properties of limestone particles, i.e., fineness and roughness of the
surface. These material characteristics strongly affect the packing density and the
demand for water and superplasticizer [47]. In the case of limestone powder with
similar or coarser fineness compared to that of cement, the addition of limestone may
improve the workability by reducing yield stress and plastic viscosity [80]. In contrast,
such parameters can be increased by using the ultrafine limestone [81] due to the high
adsorption of water and superplasticizer, as well as the enhancement of inner particle
friction. Also, the cement flocculation may be enhanced and accelerated by decreasing
the particle size of limestone (for the fixed limestone proportion) [82] or increasing the
volume of limestone (for the fixed fineness of limestone) [71]. Filler effect can be
regarded as the main influence of limestone addition on cement hydration, which may
relate to two mechanisms: the dilution of cement, and the increase of nucleation sites
provided by the limestone surface, as stated by Berodier and Scrivener [83]. Replacing a
partial amount of OPC by limestone could accelerate the early age hydration, especially
when the average particle size of limestone is very fine, because of the increase of
nucleation sites [83]. However, it may affect the mechanical performance and increase
the porosity of hardened cementitious materials when the substitution of OPC by
limestone alone is higher than 10% in binder [78, 84]. This is attributed to the dilution
effect of limestone filler. There are only a few examples [85, 86] of using limestone as
the main substitute of OPC for formatting the binary binder system for 3DCP. Many 3D
printable cementitious materials employed a blend of limestone and one or two of
SCMs, e.g., GGBS [52, 87], SF [23, 88], or fly ash [52, 87] as the OPC replacement.

The utilization of calcined clay as an SCM for concrete has attracted much attention
in the past decade. The advantages of using calcined clay as the OPC substitute can be
summarized as follows.

(1) The raw materials (clays) are vastly abundant worldwide. As the most suitable type,
kaolinitic clay is rich in tropical and subtropical environments, especially in India
and Southeast Asia [89].

(2) The calcination process requires fewer fuels and emits much less CO, compared
with that of clinker production. The burning temperature is about 700-850 °C for
manufacturing calcined clay (around 1450 °C for clinker) [78, 90]. The heating time
could be controlled as short as a few tenths of a second using flash calcination units
[91]. As reported by Huang et al. [92], only 0.25-0.37 kg of CO, is emitted by
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Table 2.1: Material characteristics of different SCMs [47, 53, 78, 79].

Fly ash  Silica fume Granulated Limestone Calcined clay
(siliceous) blast  furnace (Metakaolin
slag as the main
phase)
Material By-product. By-product. By-product. Natural Calcined
type material. natural SCMs.
Morphology ~ Round Round Finely granular Irregular Layered
particle particle. particle and shape and  structure
and smooth smooth surface.  rough surface.  and rough
surface. surface.
Fineness 10-150 (may  0.01-0.5. 3-100 (close  Close to/finer  Generally,
[um] coarser than to cement than that finer than
cement particles). of cement other SCMs
particles). particles. except for SE
Specific 2.1. 2.2. 2.9. 2.7. 2.1-2.5.
gravity
[g/cm3]
Phase Si-Al-O. Si-O. Ca-Si-Al-Mg-O. CaCO3. Si-Al-O.
compositions
The main
effect ~on 1) The ball- 1) Generally, 1) GGBS with 1) Limestone 1) Generally,
rheological bearing it could a  smooth with it  could
behaviors effect increase particle coarser reduce the
could the vyield surface or similar workability
improve stress and and low particle and
flowability plastic reactivity size increase
and reduce viscosity. can compared the yield
yield stress 2) It could improve the to cement stress and
and plastic enhance workability, could plastic
viscosity. the and reduce re?duce the viscosity.
2) Dilution flocculation p}astlc. yield stre§s 2) The
viscosity and plastic
effect of cement i . R structural
- and/or yield viscosity .
on cement particles, build-
flocculation resulting stress. for . up/thixotropic
(high in 2) Workability {mproving behaviors
. workability.
volume improved may be can be
replacement).  buildability negatively 2) The enhanced.
and affected by opposite
structural the  GGBS effect
build-up with  high can be
of  fresh SSA and obtained
mixtures. reactivity. by using
ultrafine
limestone.
The main Pozzolanic. Filler Latent Filler effect. Filler  effect
effect on effect and  hydraulic. (may be
hydration pozzolanic. for small
metakaolin
replacement)
and
pozzolanic.
Estimated 700-1100. 1-2.5. 300-360. Abundant Abundant
total accessible accessible
amount reserves. reserves.

[Mt/year]
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producing 1 kg of calcined clay, which is much less than that of producing 1 kg of
OPC (about 0.9 kg of CO»).

(3) The ternary blends, containing limestone, calcined clay, and clinker (referred to
LC3), were studied by many researchers [93-95]. The most typical one, LC3-50,
comprises 50% clinker, 15% limestone, 30% calcined clay, and 5% gypsum.
Metakaolin, as the primary reactive phase in calcined clay, is the calcined product
of high purity kaolinitic clays. Metakaolin, at a relatively high price (near three
times of cement), is generally used in other industries, including paper, ceramics,
and refractory [78]. According to [96, 97], using the calcined low-grade kaolinitic
clay (containing 40% of metakaolin) in LC3-50 cement could reach compressive
strength comparable to that of plain OPC from 7 days. Such low-grade kaolinitic
clays were also the low-cost raw material for producing cement and probably
available around quarries of cement plants [78].

(4) The amorphous alumino-silicate in metakaolin (AS;) could react with the calcium
hydroxide (CH) for forming aluminate hydrates and C-(A)-S-H (see Eq 2.1). Besides,
the calcite (CC) from limestone can react with alumina species (C3A and A from
AS,) in the pore solution to generate hemi/mono-carboaluminate (C4ACys5H;12)
(see Eq 2.2 and 2.3) for inhibiting the formation of ettringite [78, 84, 90, 95, 98]. All
the aforementioned products could refill the pores and reduce the total porosity,
contributing to enhancing the strength and durability of hardened cementitious
materials [78, 90, 99]. Using LC3 could improve the durability of hardened concrete,
for example, the excellent chloride resistance [100-103], proper performance under
the sulfates attack [104, 105], and mitigation of the alkali-silica reaction
(78, 104, 106].

AS,+3CH+6H —C—-A—-S—H+CyASHg 2.1
C3A+05CC+0.5CH+11.5H — C4ACy5H)>» 2.2)
A+0.5CC+3.5CH+8.5H — C4ACy5Hi2 2.3)

As shown in Figure 2.5, clays, without calcination, were categorized according to the
way that tetrahedral (AI3* for Si**) and octahedral (Fe3*, Fe?*, or Mg?* for AI**) sheets
are combined into layered structures. The clay is referred to the 1:1 or t-o clay if only
one tetrahedral and one octahedral sheet are available in each layer. The layers are
linked by hydrogen bonds. In contrast, the 2:1 or t-o-t clay contains two tetrahedral
sheets positioned at both sides of one octahedral sheet. The interlayer electrostatic
forces and cations bond the layers in this case [107, 108]. Different amounts of water
molecules and various types of ions can be hosted at the large interlayer. Induced by
the changes of relative humidity, the 2:1 clay may easily swell and shrink. Kaolinite is a
typical non-swelling 1:1 clay. For those 2:1 clays, muscovite is a non-swelling clay (in
the group of illites), whereas montmorillonite belongs to a swelling clay (in the group of
smectites) [108]. Polycarboxylate ethers (PCEs), as the most common superplasticizer,
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can be significantly adsorbed on the swelling clays, which strongly affects or even
nullifies the dispersion of PCEs. Consequently, the other fines in the mixture could not
get enough PCEs for achieving the designed workability. However, this is not a critical
issue for non-swelling clays [108, 109]. The possible mechanisms of PCEs adsorption by
swelling clays were explained elsewhere [21]. As mentioned earlier, low-grade kaolinitic
clay is recommended to be used for producing LC3. Except for metakaolin, the calcined
low-grade kaolinitic clay may contain quartz, limestone, iron-bearing phases, and other
calcined/uncalcined clay minerals. Therefore, the characterization of crystalline phases
in calcined clay appears to be essential, especially to determine if swelling clays are
present. The phase transformation of natural clay under different temperatures is
illustrated in Figure 2.6. At a relatively low temperature, water from the interlayers of
clays is removed. After that, a progressive dehydroxylation process results in removing
hydroxyl groups, and layers collapse with increased temperature. The amorphous
structure that shows the highest pozzolanic reactivity is formed at this stage.
Nevertheless, if exceeding this temperature (850 °C for the kaolinitic clay), the
amorphous structure is transformed into a crystalline or glass formation [98]. After
calcination under 850 °C, kaolinitic clay transforms into the amorphous phase
(metakaolin), whereas 2:1 clays, including illite and montmorillonite, could keep a
layered crystalline structure (cause the required temperature for 2:1 clays is much
higher than 850 °C) [110].

The addition of calcined clay could generally reduce the workability of fresh
cementitious materials [80, 110], which resulted in high water and superplasticizer
demands [111-113]. However, these impacts on the rheology of fresh mixtures may vary
depending on the type of calcined clay used. Calcined clays provided by different
suppliers may exhibit various chemical and physical characteristics [103], for example,
the different metakaolin content (40-90%), secondary phase (quartz, limestone, clays,
and others), fineness, SSA, morphology, and density. These differences may be induced
by different raw materials (2:1 or 1:1 clay), calcination methods (temperatures and
devices), cooling, and grinding processes. Ferreiro et al. [114] compared the workability
and strength of two calcined clays (calcined 2:1 and 1:1 clays). They reported that
adding calcined 1:1 clay (the 1:1 clay contains 92% kaolinite) in mixtures increases the
water demand compared with that of calcined 2:1 clay (the 2:1 clay consists of 68%
montmorillonite) for archiving the same flowability at a fixed PCE dosage. Studies
[110, 115] pointed out that the calcined clay containing quartz (even a small amount)
could reduce the demands of water and PCEs. Sposito et al. [110] also reported that the
SSA, zeta potential, and water demand of calcined clay (except for metamuscovite)
could be used to indicate the demand for superplasticizer. In their study, the required
dosage of superplasticizer significantly increased with increasing these three indicators’
value. The calcination and grinding methods may influence the morphology of calcined
clay. The spherical metakaolin particle that was manufactured using a flash calcination
method proposed by Claverie et al. [116] could primarily enhance the workability of
fresh cementitious materials. In addition, Akhlaghi et al. [117] introduced a modified
PCE-based superplasticizer that could efficiently disperse mixtures containing a high
content of calcined clay and a high concentration of sulfate ions. This superplasticizer
may be an ideal option for LC3 or other multi-component cement systems.
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Figure 2.5: Diagram showing the structure of muscovite, kaolinite, and montmorillonite, adapted from [108].

Figure 2.6: Clay phases transformation at different calcined temperatures, adapted from [98].
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Calcined clay is also a good ingredient to improve the structural build-up of fresh
mixtures at rest, which could be regarded as an advantage of developing calcined
clay-based cementitious materials for 3DCP. According to Muzenda et al. [118], the
addition of calcined clay could increase the rheological parameters, i.e., thixotropic
index, apparent viscosity, cohesion, static and dynamic yield stresses of fresh pastes.
Beigh et al. [119] characterized the static yield stress of LC3 paste at different resting
times (23-120 min). They found that the structuration rate of LC3 paste is much higher
than that of the reference OPC paste. The enhancement of structural build-up may be
attributed to the high SSA and layered particle structure of calcined clay [118]. However,
as mentioned earlier, using different calcined clays may result in the various structural
build-up of fresh mixtures. For example, Aramburo et al. [120] found that the
structuration rate of the fresh mixture can be enhanced using the calcined clay with a
high content of reactive aluminate. Besides, the presence of uncalcined kaolinite may
also affect the structural build-up of fresh LC3 pastes [121].

To date, the implementation of using calcined clay or metakaolin as the cement
substitute in 3D printable cementitious materials is still limited. Only a few attempts
are available. For instance, small dosages of metakaolin (0-5%) were employed in
[88, 122] for modifying the thixotropy of the developed 3D printable cementitious
pastes. Bohuchval et al. [123] studied the effects of different proportions of metakaolin
(6%, 12%, and 20% of binder mass) on the rheology and printability of fresh mortars.
The blend of 24% fly ash and 6% or 12% metakaolin was suggested as an optimal
cement replacement for increasing the yield stress and cohesiveness, as well as
enhancing printability and reducing water drainage of the developed fresh mixture.

2.4. CHARACTERIZATION METHODS OF FRESH-STATE AND
INTERLAYER BEHAVIORS
2.4.1. FRESH PROPERTIES AND TEST METHODS
FLOWABILITY
T HE flowability test is a common and straightforward assessment for studying the
rheology of fresh cementitious materials. Many conventional methods, e.g., slump
and slump flow tests, V-funnel test, and L-box test, show the potential to evaluate the
flowability of printable mixtures [7, 124]. Among them, slump and slump flow tests
might be the most appropriate tests to effectively indicate the printability of studied
mixtures. Tay et al. [14] mentioned that the slump value (slump test) is dominated by
the solid-state physical properties of microstructure and the static yield stress of the
printable mixture, which may indicate the buildability in 3DCP. As mentioned earlier,
most of the printable cementitious materials from literature belong to mortar
technically. Thus, a mini-slump cone with the dimension of 50 mm top diameter, 100
mm base diameter, and 150 mm height [7] for mortar or 19 mm top diameter, 38 mm
base diameter, and 57 mm height [125] for cement paste is appropriate to be used for
the measurement of slump value. Higermann cone (70 mm top diameter, 100 mm base
diameter, and 60 mm height) is also employed in many earlier studies [14, 126] for
determining the shape retention of fresh cementitious materials. Besides, a cylindrical
mold could be applied for the slump test to indicate the buildability of printable
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cementitious materials (see [28]). According to Flatt et al. [127], for the very low spread,
the yield stress 7 of studied mixtures can be obtained using the modified model (Eq
2.4) of Murata approach.

V3
where p is the unit of weight of the mixture. g is the gravity constant, and H is the height
of the demolded sample. This model may only be valid once the ratio between the initial
height and radius is in the range of 0.8-2.

Héigermann cone is primarily used for performing the slump-flow test (also known
as jump table test) of mortar composites. The test procedure could refer to ASTM
C1437-15 [128]. The spread diameter is measured to quantify the flowability of studied
mixtures and is related to the dynamic yield stress, which may influence the
pumpability and extrudability of studied mixtures in 3DCP. Tay et al. [14] found that the
fresh mixtures with a slump value within the range of 4-8 mm (Hagermann cone), and a
spread diameter between 150 mm and 190 mm showed the optimal printing quality
and buildability using their 3DCP setup. In contrast, Ma et al. [7] performed the slump
flow test with different material ages and attempted to find the correlation between the
flowability and printability window. In their study, the recommended ranges of the
slump value and spread diameter for 3DCP are 32-88 mm (mini-slump cone for
mortar), and 174-210 mm, respectively. The various findings between different studies
may be due to the differences in 3DCP setup and slump cone in the slump test.

(2.4)

RAM EXTRUSION

A schematic diagram of ram extruder is shown in Figure 2.7(a). The fresh mixture is
filled in the barrel, and then the ram is driven by a compression device to push the
material towards an abruptly constricted or gradually narrowing die [129]. Ram
extrusion is used as a tool in the laboratory for investigating the extrusion flow,
describing rheological properties, and examining the extrudability of materials
[129-132]. Studies from [2, 133] determined the extrudability of their mixtures by
measuring the extrusion force. Additionally, ram extrusion is also feasible to
characterize rheological and tribological behaviors of stiff cementitious materials that
cannot be conducted using a rotational rheometer [52, 129, 134, 135]. The model
proposed by Benbow and Bridgwater [136] that employs a plasticity approach is
commonly used to analyze the experimental results (extrusion rheology data) from ram
extrusion tests. = Benbow-Bridgwater equation is expressed as Eq 2.5 when a
sharp-edged orifice equips the ram extruder.

D,
P=2(UO+aV")ln30 (2.5)

where P denotes the extrusion pressure. oy is the elongational yield stress, and « and n
are the fitting parameters. Dy and D are the inner diameter of the barrel and die. V is the
material flow rate. For studying the ram extrusion rheology of printable cementitious
materials, Benbow-Bridgwater model was employed by [52, 60, 88, 137].

Basterfield et al. [138] pointed out that the fitting parameters @ and n in
Benbow-Bridgwater equation are non-intrinsic material factors that do not have any
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physical meaning. The authors proposed a modified model (Basterfield et al model, see
Eq 2.6) that is adapted from the Gibson equation (without the end effect) for
characterizing rigid-viscoplastic materials. This model assumes a spherically
convergent flow and neglects the shear stress in the barrel. The detailed derivation
process was reported by [135, 138].

P=20¢In % + %k(Sin(emax)(l +c08(O0max)" (1 - (DRO)%)(%)H (2.6)
where k and n mean flow consistency and flow index, respectively. 0,4 denotes the
angle of the maximum convergent flow (see Figure 2.7(b)). For most of the paste-like
materials, the value of 6,,,, is of the order of 45 degrees (in the range of 40-60 degrees).
The obtained elongational yield stress o can be used to compute the related shear
yield stress 71, since the cementitious materials are considered to follow the Von-Mises
criterion [132, 138].
=20 27
1 3 .

Zhou et al. [135] investigated the rheological properties of discrete short fiber-reinforced
semi-solid cementitious materials by using this model (Eq 2.6). Based on Basterfield et
al. model, Perrot et al. [132] added the contribution of shear stress on the tapered surface
and studied the rheological and tribological behaviors of cementitious materials.

Nevertheless, it must be noted that many factors may influence the experimental
results of the ram extrusion test. First, the friction between the piston and the inner
surface of the barrel is not taken into consideration in many cases. As mentioned by
[41, 139], applying silicone release or other types of compounds on the surface of these
components is one way to minimize such friction, whereas it is impossible to eliminate
this wall friction. Second, a dead/static zone may exist near the die (see Figure 2.7(b)).
The test results from [2, 132, 133] revealed that the extrusion force increased irrationally
when the piston approached the orifice. Thus, it requires the computation of the
maximum length of the dead zone (L;,) via Eq 2.8 before performing tests.

Dy-D

Lj,=——— 2.8
42 = 5 tanOmax 2.8)

The maximum value of L,;, is obtained when 8,,,, equals 40 degree. The sufficient
distance between the ram and dead zone should be left to minimize the influence of the
dead zone, which can be predefined in the experimental program. Third, the fresh
cementitious materials are assumed as rigid-viscoplastic materials to be
incompressible during the ram extrusion process. The material flow rate V that is not
measured directly is calculated by using the predefined ram speed Vy [135].

PUMPABILITY, EXTRUDABILITY AND OPEN TIME TESTS

Pumpability is a primary criterion to assess the fresh properties of some cementitious
materials, including self-compacting concrete, shotcrete, and 3D printable
cementitious materials. In 3DCP, the term of pumpability is specifically used to indicate
the ease with which fresh cementitious materials are delivered from the pump to the
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Figure 2.7: (a) Scheme of the ram extrusion setup; (b) Illustration of the orifice entrance flow region based on a spherical
coordinate system; (c) An example of test results and the fitted curve (Basterfield et al. model). Adapted from [135].
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printhead (nozzle) [8, 9, 11]. During the pumping process, problems like the blockage
of the hose, extremely high pumping pressure, material bleeding, and particle
segregation may be induced by the improper mix designs and pumping rates, which are
possibly determined using the pumpability test. However, until now, a standard test
protocol and setup for evaluating the pumpability of 3D printable cementitious
materials are not available. Many researchers proposed trial-based methods by using
their material pumping setups. For instance, Chaves Figueiredo et al. [52] examined the
pumpability of different fresh mixtures that showed various shear and bulk yield
stresses using a rotor and stator-based pump under the identical pumping rate with or
without a hose of 5 m. A similar approach was also occupied by Tay et al. [14].

The pumpability of cementitious materials can be evaluated by the pumping
pressure (P) under a specific pumping flow rate (Q) related to Bingham parameters. Eq
2.9 is used to describe this relation [37, 140].

8ty 8k

where R and L are the radius and length of the hose/pipe, respectively. 7, and k stand
for the dynamic yield stress and plastic viscosity. Since R usually is smaller than 1 m, 74
and k dominate the pumping pressure for a specific pumping system under a fixed
pumping flow rate. Nevertheless, the quantification of pumpability for printable
cementitious materials is still an opened research field. Techniques, like Sliding Pipe
Rheometer [141, 142] and other visco-/tribo-meters [143], have shown feasibility to
characterize the pumpability of ordinary concrete [144]. Further investigation about
using these potential techniques for quantifying the pumpability of printable
cementitious materials is needed.

Extrudability is used to describe the ability to continuously print the material
through a (round or rectangle opening) nozzle with an acceptable printing quality
(minimum degree of tearing/splitting of extruded filament) [9, 11, 35, 145]. The
extrudability test in this study means the inline measurement' of the extrudability of
3D printable cementitious materials by using a 3DCP setup as an experimental device.
Most of the extrudability measurements belonged to the qualitative characterization
[18]. Visual inspections were applied to evaluate the printing quality of deposited
filaments, i.e., surface quality and dimensional consistency. Kazemian et al. [35] stated
their evaluation criteria of printing quality: (1) no surface defects, (2) visible layer edge,
(3) dimension conformity. The authors measured the width of the single printed
filament at different positions for checking the printing consistency.  Similar
approaches were adopted in [61, 63, 146]. As mentioned by [2, 30], the filament
dimension consistency depends on not only the fresh-state behaviors of materials but
also the relation between the linear flow rate of material (V};;) and nozzle moving speed
(V). If V;;,>V,, the ‘buckled’ layer could be observed. In contrast, if V;,<V, it could
result in the width reduction or even discontinuity in the extruded filament. Generally,
Vin should be equal to V,, during the printing process. Additionally, Nerella et al. [2]
introduced an inline and quantitative method for characterizing the extrudability of 3D
printable cementitious materials. Under a specific material flow rate, the required

Unline test/measurement/method in this thesis represents 3D printing test conducted using a 3DCP setup.
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energy (electric power) for extruding the fresh mixture was measured and recorded as
the corresponding extrudability index-unit extrusion energy (UEE) [J/cm®]. For
achieving a similar printing quality, the material with a smaller value of UEE is more
extrudable.

Due to cement hydration increased yield stress with time, pumping and extrusion
operation windows should be determined to ensure the acceptable printing quality and
avoid nozzle blockage [8, 11, 147]. Open time, also known as the printability window, is
defined as the operation window for extrusion of a given volume (batch) of printable
cementitious materials. It is to be noted that the open time is only significant for the
printing process with multiple batches of material preparation. The volume of each
batch is relatively large, such as 45-60 L, and the required time for completely extruding
one batch of material is 30-60 min (material flow rate: 1-1.5 L/min). In this case, only
the printable material with a minimum open time of 30 min is allowed. Inline
measurement of open time was proposed by [7]. At a predefined printing speed, a
filament with the designed dimension is extruded from the 3DCP setup at different
material ages. The width of the filament is measured at different positions to evaluate
the dimensional consistency of printing. The time gap between the two subsequent
filaments is 5-10 min and the test is terminated once the filament disruption occurred.
The test time is referred to the open time of the tested material (see Figure 2.8).

Figure 2.8: An example of the open time measurement. The width of the nozzle opening used in this test is 30 mm. Adapted
from [7].

BUILDABILITY
Buildability is used to indicate the shape retention property of deposited material under
the gradually increasing load induced by the subsequent upper layers [8]. Generally, the
buildability is characterized as the maximum layer number that could be built up by
using a fresh mixture [9, 14, 148]. In many cases, the height of the deposited layers is
measured to quantify the material plastic deformation to evaluate the buildability
[7, 35, 76, 149] (see Figure 2.9). It must be noted that the printing parameters, i.e., the
geometry and length of printing/nozzle path (shape of the designed object for
printing), nozzle variables (shape, dimension, and flow direction), the time intervals
between two subsequent layers (also known as cycle time [11]), nozzle standoff
distances and printing speeds, may significantly influence the buildability assessment.
Extending the time interval between successive layers could improve the
buildability of printable cementitious material since the stiffness and rigidity of the
deposited layer develop with time, which is related to the flocculation and nucleation
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between cement particles at rest [12]. For a non-stop test process, the time interval is
primarily dependent on the printing path length and printing speed. As mentioned by
Wolfs et al. [150], two failure modes can be observed during the buildability test:
material plastic collapse and elastic buckling failure (see Figure 2.10). Material failure is
induced by the exceeded load on the deposited layer, leading to yielding and flow out.
In contrast, the local or global instability of layered structure can result in the
uncontrolled deformation [13, 150]. The former one appears to be mainly dominated
by the static yield stress/green strength of printable cementitious material. The
resistance of material failure can be improved by enhancing and accelerating the yield
stress development of deposited materials at rest [15]. From the material perspective, a
possible solution is to reach setting by accelerating very early-age hydration via physical
and/or chemical approaches (see [15, 20, 21]). However, elastic buckling failure can be
attributed to material behavior and process variations. Most local instability may occur
induced by the changes in boundary and geometry conditions during the printing
process [10, 13, 150]. The geometry of the printing path is critical in this context. For
instance, printing a straight and long wall may fail relatively easily compared to a
curved wall with the same path length because the curvature of the wall would likely
increase the structural stability [13].

In the buildability test, the local instability of a printed structure could cause stress
concentrations resulting in material failure. In many cases, it is hard to determine the
dominant source of test failure. Process monitoring techniques appear to be very useful
for a better inspection and understanding of the failure during the buildability test [149].
The gradually increased layer deformation can be measured using optical sensors [140]
or analyzing the images recorded during the test process [151].

Figure 2.9: An example of the buildability test, adapted from [149].
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Figure 2.10: (a) Diagram showing two failure modes of a wall; (b) Elastic buckling of a large square wall (wall width: 500 mm);
(c) Plastic collapse of a small square wall (wall width: 250 mm). Adapted from [152].



36 2. LITERATURE REVIEW

GREEN STRENGTH

Since the printing period may be up to 3-4 h to finish one building component (about 3
h is required to print a wall with 3 m height at the building rates of 1.1 m/h from [153]),
the yield stress evolution of the bottom layers is severely critical during this period.
Applying direct load on the fresh cementitious materials is one way to determine the
applicable building rate and to assess the shape stability for specific printable materials
[15, 153]. Perrot et al. [153] simulated the loading induced by the layer-by-layer
construction process on the first deposited layer by using a plate-stacking test. The
cylindrical sample with a 60 mm diameter and 30 mm height (aspect ratio:
Height/Width=0.5) was employed and placed between two parallel plates. The authors
applied a 1.5 kN load increment on the top plate with a time gap ranging from 11 s to 60
s, simulating a building rate of about 1.1-6 m/h. The deformation of the tested sample
was recorded using an LVDT-type displacement transducer. Similar approaches were
also conducted in studies [10, 34, 58, 126, 154].

Measuring the uniaxial unconfined compressive strength of fresh cementitious
materials at different ages (e.g., within the first 4 h) is an approach to monitor the very
early-age strength development of studied mixtures (see Figure 2.11). The obtained
compressive strength is regarded as the green strength of the tested young age sample
[155]. In such a test, the cylindrical samples with an aspect ratio of 2 are commonly
used in many studies [39, 151, 155-157]. This aspect ratio could potentially indicate the
failure of printed structure [15] and allow the formation of a diagonal shear failure
plane [151]. Displacement control at a rate of 0.2-0.5 mm/s [151, 156, 157] is preferred
for performing the green strength test. Up to 20-25% of strain could be reached for each
sample eventually. Note that, as mentioned by [151, 156], a double-layer of Teflon or
other types of sheets should be placed on both sides of the sample to reduce the friction
between the sample and steel base plates. Optic measurement methods (see
[39, 151, 157]) were employed to record the horizontal displacement of the sample
during the test. According to the test results in most studies [39, 151, 156, 157], two
typical strain/stress curves and crack patterns were observed (see Figures 2.11(b) and
2.11(c)). For the samples with younger ages (within the first 1 h, however, it largely
depends on the mixture), the stress near-linearly increased with the increase of strain
until to reach a plateau. The cross-section of the sample expands during the increase of
deformation. Finally, instead of forming a distinct crack pattern, the young age sample
failed with a barreling effect. In contrast, for the samples with older ages (after 1 or 2 h),
a strain-softening behavior is observed after the stress reached the peak value.
Meanwhile, more distinct cracks were formed during testing older age samples.
Additionally, the obtained experimental results could be used as one of the inputs for
optimizing the printing process via numerical studies (see [150, 151]).

PENETRATION RESISTANCE

The penetration test is a continuous mechanical measurement to indicate the
structuration of fresh cementitious materials at rest [17]. The penetration setup is very
commonly used in the field of civil engineering, e.g., Hilti nail gun, Vicat, and Gillmore
needles [158], penetration plunger [159], and penetrometer [160]. In the cases of Vicat
needle and cone plunger tests, the penetration force was kept identical (induced by the
weight of the needle or plunger), and the penetration depth was used to indicate the
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Figure 2.11: (a) Illustration of green strength test setup (Left) and a cylindrical sample (Right); (b) Typical failures observed in
green strength tests at different material ages; (c) Typical stress-strain relations in green strength tests. Adapted from [151].
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stiffness of fresh cementitious materials [158, 159]. The use of a Vicat needle in the
research for investigating the setting behavior of 3D printable cementitious materials
could be found in [60, 161-165]. During the Vicat test, two forces induced by the tested
materials, i.e., compressive and shear resistances, are exerted on the needle. A balance
between the Vicat needle’s gravity and such resistances could be reached during the
initial and final set of cementitious material [166]. If assuming a plastic failure criterion
for the compressive resistance in this context, the compressive strength is of the order
of twice the shear strength [166, 167]. The force equilibrium equation can be expressed

as:
mg

 2nrh+2mr?
where 7, is the shear strength, and 4 is the penetration depth. m and r denote the mass
and radius of the Vicat needle. However, due to its standard dimension of cone mold and
penetration needle, the Vicat apparatus could only measure or indicate a limited range
of static yield stress, especially between the initial and final setting times of the studied
mixture. This could not satisfy the demands for monitoring the yield stress evolution of
printable cementitious material at a very early age (for example, after deposited the first
several layers).

Penetrometer uses a different technique in comparison with Vicat. The penetration
tip is driven at a constant speed to penetrate the sample, and the required force was
measured and recorded at different material ages until the final set [160]. Customized
penetrometers were developed and employed by researchers [158, 168, 169]. The
penetration resistance measurement based on a penetrometer could be used to
determine the stiffness development of fresh printable cementitious materials directly,
see [7, 35, 170]. Compared to the Vicat test, the penetration test performed by using a
penetrometer could measure a broader range of yield stress from 1 kPa to 200 kPa,
which is of interest for indicating the structuration of deposited material in the digital
fabrication of concrete [17]. Lootens et al. [160] employed many penetration tips with
different geometries (conical and hemispherical) and dimensions (see Figure 2.12) in
the penetration test under a slow speed (1 um/s). The relations between the yield stress
of the cement paste and penetration force in different conditions were determined in
their work. The penetration forces scale with the yield stress, which is related to the
contact surface between the penetration tip and tested materials. It should be noted
that the yield stress in their study was obtained from ultrasonic measurements.
Different contact surfaces could be attributed to the different shapes and sizes of
penetration tips. The correlation between penetration forces and yield stress in [160]
was validated and strengthened by [171]. The authors studied the very early-age
strength development of self-compacting mortar that was employed in slip-forming by
employing a set of mechanical experiments, including compression (green strength
measurement), tensile, shear, and bending tests. Similar validation can also be found in
[17,20]. Based on these studies [17, 20, 160, 171], using penetration measurement could
indicate the yield stress evolution of fresh paste and mortar, which showed good
agreement with the results obtained by compression, vane rheometry, ultrasound, and
other tests (see Figure 2.13(b)).

In comparison with slow penetration measurement in [160], the fast penetration
test (see Figure 2.13(a)) was also applied by many studies [17, 171, 172] (penetrating

7, (2.10)
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rate: 1 mm/s). As shown in Figure 2.13(b), a similar result can be obtained by using fast
and slow rates once the penetration tip was kept identical [17]. However, in the fast
penetration test, multiple samples were required for determining the yield stress at
different rest times. Compared to the fast one, the slow penetration test could provide a
continuous measurement of yield stress for the tested materials using a single sample.
This advantage becomes quite significant if an extended period test is of interest
[17, 20]. The measured real-time penetration forces were already used for monitoring
the evolution of yield stress of cementitious materials in the digital fabrication of
concrete, such as slip forming, smart casting, and 3DCP [15, 20, 172]. Nevertheless, the
limitations of the penetration test should be noted. Reiter et al. [20] stated that the yield
stress in mortar and concrete is dominated by friction between aggregates, which is also
variable with time induced by water consumption of cement hydration process. The
internal friction angle could not be determined via penetration measurement directly.
The slow penetration test currently is only applied to examine the yield stress of mortar
that contained a small volume fraction of sand.

Figure 2.12: Schematic illustration of different penetrometer tips, modified from [160].

RHEOMETRY

The coaxial rheometer was successfully used to characterize the rheological behaviors
of 3D printable cementitious materials in many earlier studies
(28, 30, 31, 35, 38, 39, 72, 173]. The vane-in-cup geometry is very suitable and
commonly used to study the rheology of concentrated suspensions [174, 175]. Some 3D
printable cementitious materials containing fine aggregate (maximum size: 1 mm) can
be tested by using this geometry [11]. The employment of rheometry with different
specific test protocols could characterize the minimum shear stress, critical strain for
flow, suitable printing rate (material flow rate) for extrusion, and the structural build-up
of cementitious materials after deposition [173, 176].

Flow onset
Due to the thixotropy, the rheological behavior of fresh cementitious materials largely
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Figure 2.13: (a) Fast penetration test at different times (using conical tip); (b) The evolution of penetration force and yield
stress obtained by using different approaches. Both (a) and (b) adapted from [17].

depends on their flow history. Therefore, care should be taken before starting the
measurement of the shear stress peak and critical strain for ensuring the test
reproducibility. It is essential to perform a pre-shearing process to keep the same
destructed status [176, 177]. A specific protocol of the constant shear rate (CSR) test
proposed by Roussel et al. [178] was recommended and summarized. First, during the
pre-sharing session, the sample is sheared at a relatively high shear rate (e.g., 150 s71)
for about 200 s. Second, the sample is kept at rest of 5 min and afterwards tested under
a constant and low shear rate (e.g., 0.005 s™!). Consequently, a typical shear stress vs.
shear rate curve can be obtained in Figure 2.14(a). It could be found that the shear
stress showed a linear increase before reached the yield stress. This demonstrates the
elastic behavior of tested material in its solid regime. The material starts to flow after
the shear stress and strain exceeds the static yield stress and critical strain. The peak
stress is related to the breakage of attractive colloidal interactions between particles.
Besides, as shown in Figure 2.14(b), another peak stress can be identified before the
critical strain because of the breakage of hydrates formed between particle grains [176].

Hysteresis loop test
Fresh concrete can be described as a Bingham fluid within a specific range of shear rates.
For a typical Bingham material, the shear stress, above the threshold value for flow called
yield stress, was increased linearly with the increase of shear rate [179]. The Bingham
model is expressed as Eq 2.11.

T=Tq+UpY (2.11)

where T and y are the shear stress and shear rate. 74 and p, denote the yield stress and
plastic  viscosity of the tested material In many studies
[31, 32, 38, 58, 122, 126, 180, 181], 3D printable cementitious materials are assumed to
show the Bingham fluid behaviors within a range of shear rate. A hysteresis loop test
protocol can be employed by using the rheometer in this context. As shown in Figure
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Figure 2.14: CSR test of cement paste (W/C=0.4)-the relationship between shear strain and shear stress. (a) Shear strain from
0% to 15%; (b) Shear strain from 0% to 0.4%. Adapted from [178].

2.15(a), the shear rate was increased from 0 s~! to the maximum value (e.g., 60 s71, 100
s71, or 200 s7!) within a short time. The shear rate was directly decreased to 0 s™! at the
same time as it increased (see [31, 32, 122, 180, 181]), or it was kept at the maximum
value for about several minutes and then decreased to 0 s™! (see [38, 58, 126, 173]). The
relation between the measured torque/shear stress and shear rate showed a thixotropic
loop containing the up and down curves (see Figure 2.15(b)). The larger the enclosed
area between the up and down curves, the higher thixotropy of the tested material
[180]. The down curve could be used to fit Bingham model (Eq 2.8) for obtaining the
flow parameters, including dynamic yield stress and apparent viscosity [31, 38, 180].
These material parameters can be further used to compare different mixtures and
achieve the optimal mix design of 3D printing. According to [144], the fresh mixtures
should exhibit moderate dynamic yield stress and relatively low apparent viscosity for
displaying favorable pumpability and extrudability. Additionally, based on the test
results of hysteresis loop measurement, Herschel-Bulkley model was found to be more
suitable for characterizing the dynamic rheological behaviors of some 3D printable
cementitious materials, and more details could refer to [122].

Nonetheless, it must be noted that the wall slip phenomena cannot be avoided in
rheometry, no matter the applied rotor geometry [11, 175], mainly when we tested the
printable mixture with high stiffness and less fluidity. Once the material contains
aggregate, even the fine sand (less than 1 mm of diameter), the particle migration could
occur during the measurement, leading to the measured viscosity lower than the
expected one [11]. Besides, for the same material (at the same material age), the results
of Bingham fluid parameters obtained by using different rheometers and/or test
protocols seem to be less comparable, probably due to the variables in flow history.

Structural build-up
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Figure 2.15: (a) A hysteresis loop test protocol; (b) A typical result of the hysteresis loop test. Adapted from [37].

For quantifying the structuration rate of fresh cementitious materials at rest, two
methods were commonly employed, including the CSR test and small amplitude
oscillatory shear (SAOS) test [182]. Both methods have been applied in the context of
3D printable cementitious materials. In this case, the CSR test was performed at
different material ages for determining the evolution of material static yield stress. The
obtained static yield stresses at different ages could be furtherly used to predict the
structuration rate of the studied material [153, 182-185]. Due to the low yield stress of
self-compacting concrete, a very low shear rate, such as in the range of 0.001-0.01 s~
[178, 185-187], is feasible to reach flow onset within a short test duration (e.g., 100-200
s) [173]. In contrast, the printable cementitious materials show relatively high stiffness.
Also, this test is conducted at different material ages. With time passing, the rigidity and
stiffness of studied fresh cementitious material are increased. According to Yuan et al.
[187], a relatively long test duration is required for achieving flow onset by using the
slow shear rate (0.001-0.01 s~1), which may not be suitable in this situation. Nerella et
al. [173] introduced a strain-based test method for quantifying structural build-up of
printable cementitious materials. They employed different shear rates from 0.08 s™! to
0.24 s~! at different resting times. A similar approach was used in [119]. Their results
confirmed that the structuration of less/non-flowable cementitious materials could be
characterized via this strain-based approach.

The measured static yield stresses at the different material ages could be analyzed
by using either the linear model (Eq 2.12) proposed by Roussel [70] or the exponential
model (Eq 2.13) from Perrot et al. [153].

T(8) =To.0 + A¢nixt (2.12)

where 79 and A;,;, mean the initial static yield stress and structuration rate constant
that is the increased rate of static yield stress over time. The exponential model is the
extension of the linear one since the structural build-up of cement paste showed an
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exponential increase after a critical time point (#.), as reported by Perrot et al. [153].
T(trest) =Too+ Athix(e[m“/tc -t (2.13)

The value of . is used to adjust the curve to achieve the best fit with test results. When
t. tends to 0, Perrot et al. model asymptotically tends to Roussel model. According to
[13, 153], the value of ¢, is related to the setting of the studied material.

SAOS test is a proper way to investigate the viscoelastic properties of fresh
cementitious materials for studying the structuration behavior [173, 176, 188]. Both
static yield stress (CSR test) and elasticity (SAOS test) are essential for evaluating the
structural build-up of printable cementitious materials since both colloidal and
hydration effects strongly influenced the control of printing process, e.g., shape
retention for each layer, building rate, and stability of printed structure [176]. The SAOS
test procedures can be described as: applied a continuous sinusoidal excitation with a
controlled shear strain (deformation) on a single sample and recorded the stress
response [173, 176, 182, 188]. The complex modulus (G*) can be given as Eq 2.14.

G'=G +G"i (2.14)

G is the storage modulus that belongs to the in-phase and elastic component of the
response. In contrast, G" means the loss modulus, and is the out-of-phase and viscous
component of the response [176]. The SAOS test can be regarded as a nondestructive
approach, when a very low excitation is applied, which could ensure the tested material
remains in the elastic regime [188]. For cementitious pastes, the applied strain is 107
to 107° (with or without superplasticizer), which is also the critical strain range of such
materials [182, 188]. The evolution of G’ with time showed a similar pattern with static
yield stress obtained using a CSR test [173, 187]. As mentioned earlier, the critical strain
of cementitious materials in the SAOS test is related to the breakage of C-S-H bridges
between cement particles [173, 176, 178]. A few examples employed the SAOS test for
quantifying the viscoelastic properties of 3D printable cementitious materials. Tay et
al. [29] measured storage modulus G’ development of studied material over time. They
found that the storage modulus at the bottom layer strongly influenced not only the layer
stability but also the interlayer bond strength. Moeini et al. [189] studied the effects
of superplasticizer and nano-clay on the critical shear strain and storage modulus of
their pastes at different resting times. However, as mentioned by [13, 182], the SAOS
test is only valid for pastes and fine mortars. Sensitive and expensive devices are highly
demanded.

On the other hand, a large amplitude oscillatory shear (LAOS) test is a promising
method to characterize the thixotropy of cementitious materials [11, 176, 190]. As
stated by Conte and Chaouche [190], the yield stress and flow curves measured by using
the SAOS test cannot be defined rigorously in cementitious materials, since the test
duration and flow history dominate such properties. The steady-state cannot be
reached under a stress or strain rate in the SAOS test of cement pastes. Theoretically,
the flow curve cannot be obtained in this case. Compared to the SAOS test, the LAOS
test showed many advantages for dealing with non-linear properties, such as
thixotropy, shear-thinning, or -thickening. Generally, the rheometer equipped with a
cross-hatched parallel plate geometry was employed for performing the LAOS test




44 2. LITERATURE REVIEW

[11, 118, 190]. An example of using the LAOS test to study the flow behaviors and
predict the open time of 3D printable cementitious materials was reported by [11].
Further study is still required to provide more data and details of such tests.

2.4.2. INTERLAYER BEHAVIORS AND TEST METHODS

Compared to mold-cast cementitious materials, interlayer behaviors may be the most
critical research direction for 3D printed cementitious materials. Thus, hardened
properties and test methods related to the interlayer behaviors of 3D printed
cementitious materials were discussed in detail.

INTERLAYER BONDING

Due to the layer-by-layer printing process in 3DCP, the interlayer bonding, also known
as interface, and layer adhesion, is a potential and unavoidable weak point in the 3D
printed structure [153, 191]. The weak interlayer bonding that is also referred to
‘cold-joint’ could result in anisotropy and affect both mechanical performance and
durability of the printed element/structure [191, 192]. As mentioned earlier, the high
thixotropy/structural build-up of printable material is desired. However, a weak
interface may be formed because of the high thixotropy [12, 193-195]. Except for the
thixotropy, many printing parameters may also influence the interlayer bond strength.

Printing parameters

According to [196, 197], different printing parameters might affect the interlayer bonding
of the printed cementitious material. In this study, the following parameters that have
been reported in earlier works are selected and discussed.

* Time intervals

The time interval between two subsequent layers may be one of the most critical
printing parameters influencing both buildability and interlayer bond strength.
By extending the time gap between layers, the shape stability of deposited layers
could be enhanced [153], whereas the interlayer bond strength may be
significantly reduced [29, 196, 197]. In literature, the time interval ranges from
several seconds/minutes to more than a few hours. For the short time intervals
(within 1 h), the structural build-up behavior of deposited materials has a severe
impact on the layer adhesion. Tay et al. [29] reported a good correlation between
the interlayer bond strength and the storage modulus evolution of material over a
series of short time intervals (1-20 min). Wangler et al. [147] pointed out that the
maximum operation time (time gap) fpmqx for avoiding the cold-joint is
primarily dependent on the structuration rate A;;, and plastic viscosity u, of
printable cementitious materials (see Eq 2.15), for the fixed printing parameters,
such as speed, nozzle standoff distance and others.

2u,V (pgh)?
BTy B

thmax = Aon (2.15)
thix

where p, g and h denote the density of the material, gravity constant, and layer
thickness. V is the printing rate in the horizontal direction.
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For some printable cementitious materials, increasing the time interval between
layers could increase the chance of air void formation at the interface region
[29, 40], which can be regarded as the main reason for the reduction of interlayer
bond strength. The formation of the air void seems to be mostly dependent on
the stiffness of the bottom layer. However, after long-time intervals, such as a few
hours, or even tens of hours, the printing environment may dominate the
interlayer bond strength instead of the thixotropy of material since the deposited
material may be set already.

* Printing environment and curing conditions

In practice, it may require several printing sessions to finish a large-scale building
element. The time gap between two sessions can range from several hours to one
day that is regarded as the long-time interval. The impacts of the printing
environment on interlayer bonding may become significant. Many studies
[9, 196, 197] attempted to investigate the effect of long time-intervals on the bond
strength of printed samples. For example, Panda et al. [197] measured the bond
strength of printed samples with up to 6 h of time gap. Wolfs et al. [196] extended
the maximum time interval to 24 h. If keeping the time gap identical, the curing
conditions of the first/deposited layer(s), including the ambient temperature, and
humidity, may dominate the interlayer bonding of printed samples. Both the
ambient temperature and humidity could influence the drying rate of deposited
materials. As reported by [12, 193], exposing the substrate under the drying
environment can induce a severe reduction of bond strength. Keita et al. [193]
pointed out that the superficial, extremely localized drying is attributed to the
origin of this decrease in interlayer bond strength. In contrast, protecting the
layer from drying during the time interval, such as increasing the moisture of the
deposited layer, is a proper way to improve the layer adhesion. A good correlation
between the moisture content and interlayer bond strength was observed by
[165, 198].

* Nozzle standoff distances

The deformation of deposited layers is unavoidable, and it is hard to keep the
default setting of nozzle standoff distance continuously during the printing
process. The nozzle standoff distance is increased with the growth of substrate
deformation. The increase of nozzle standoff distance could increase the
possibility of inaccurate layer deposition, which changes the contact areas and
pressures between layers. Therefore, the interlayer bonding may be influenced.
The effects of different nozzle standoff distances on the interlayer bonding have
been studied by [196, 197]. With increasing the nozzle standoff distance, a severe
reduction in more than 30% of bond strength was reported by Panda et al. [197].
In contrast, Wolfs et al. [196] found less significant effects of this parameter on the
average interlayer bond strength. Only the standard deviations of results were
increased by increasing the nozzle height from the default value in their studies.
The various effects between different studies may be attributed to the variables of
materials and printing setup, especially the nozzle types.

* Nozzle types
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The nozzle variables include the flow direction (e.g., the down-flow, back-flow, or
hybrid of back- and down-flow), the size and geometry of the nozzle opening
(e.g., round or rectangle). The down-flow nozzle (for both round and rectangle
openings) may enhance the interlayer bond strength of the printed sample,
mostly when the nozzle standoff distance is smaller than the width or diameter of
the nozzle opening. This is due to the fact that the nozzle may add extra force on
the deposited substrate.  The pressing layer process may provide good
compaction and increase the contacted areas between two layers. This pressing
force should be diminished with the increase of nozzle standoff distance induced
by the layer deformation. Once the nozzle standoff distance is equal to the width
or diameter of the nozzle opening, the effect of the down-flow nozzle on
interlayer bond strength is minimized, which is the same as the back-flow nozzle.
In this situation, the substrate only sustains the gravity-induced dead weight of
the top layer. The hybrid of back- and down-flow nozzle (generally with a
rectangle opening) may be a better choice to compare with totally down-flow or
back-flow nozzles [10]. The material flow angle in the hybrid-flow nozzle can be
adjusted/designed by the researchers for providing suitable pressing force, which
is less than that of the down-flow nozzle but is still sufficient for increasing the
contact areas between layers. However, to date, the optimal nozzle for 3DCP is
still an opened research question. It requires a series of tests to validate how these
variables influence bond strength and printability quantitively.

Measurement of interlayer bond strength

Experimental approaches, i.e., uniaxial tensile, splitting, and flexural tests, were
generally conducted by researchers to quantify the interlayer bond strength of the
printed sample. As a direct way to obtain the bond strength, uniaxial tensile test was
utilized by many studies [29, 87, 165, 197-200]. For tensile splitting and flexural tests,
the readers could refer to [191, 195, 196, 199, 201]. However, due to a lack of standard,
the variable test parameters, including sample sizes, boundary conditions, loading
rates, and setups, were adopted in different papers and yielded many difficulties in
comparison. The same issues can also be observed in tensile splitting and flexural tests.
In most cases, the test results obtained from different studies are incomparable. For
example, two types of boundary conditions for the uniaxial tensile test were
implemented in literature: rotating and non-rotating loading platens (see Figure 2.16).
Wolfs [10] performed uniaxial tensile tests of printed samples under both boundary
conditions for comparing the differences. In his results, both pre- and post-peak can be
achieved by using the non-rotating loading platen, whereas only the pre-peak was
rational and can represent the tensile behavior of specimen by using the rotating
loading platen. Besides, the measured tensile strength (peak load/cross-section of the
sample) via uniaxial tensile test with rotating loading platen is slightly lower than the
obtained value in non-rotating condition. Due to the rotating supports, uneven
deformation occurred during the whole test, which was less evident in the case of
non-rotating platen. This uneven deformation appears to be enhanced by increasing
the degree of rotation. Compressions showed negative values in the load/displacement
curve were expected at a very early test point and became pronounced since the
cracking initiates. Consequently, the rotating condition may induce a bending moment,
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which leads to the extra stress concentration at the beginning of the test [10]. Even
using the non-rotating loading platen can show the required material behaviors
regarding fracture mechanics, the current set-up of uniaxial tensile test in [10] is still not
the ideal one. Limited by the small sample size, the deformation was measured in
between the two steel plates (see Figure 2.16) instead on the sample locally. Increasing
the sample size by increasing layer thickness or casting excess materials on both sides
[133] may properly address this issue.

Figure 2.16: Uniaxial tensile test setup with rotating loading plates (Left) and non-rotating loading plates (Right).

Methods for enhancing the interlayer bonding

Other than applying the suitable printing parameters during the printing process, two
main techniques are employed in the literature for improving interlayer bond strength
between layers of the printed cementitious materials.

A lack of effective contact areas between layers is a critical issue resulting in the high
void content at the interface. For increasing the effective contact areas, Zareiyan and
Khoshnevis [195] made interlocking between two subsequent layers, which indicated
clearly enhancement of interlayer bond strength. Similarly, Van der Putten et al. [198]
used a comb to increase the surface roughness of the deposited layer and create the
interlayer interlocking manually. Positive results were also determined in their case.

Applying a thin layer of cementitious ‘glue’ paste between two subsequent layers is
also an effective way to improve the interlayer bond strength. This method is particularly
suitable for the material exhibited in the high stiffness and weak intermixing property
after deposition. A twin-nozzle printhead that can fully employ this concept (one nozzle
for general material layer and another for cementitious ‘glue’ paste) was proposed by
Marchment et al. [200]. The authors also found that the high and sustained flowable OPC
paste could significantly enhance the bond strength. This is attributed to the presence
of a greater malleable surface area for creating an effective contact area achieved by the
mixture with a higher flowability. A similar approach was applied by Ma et al. [202],
whereas the ‘glue’ material in their case was a blend of OPC and high-belite CSA cement-
based mortar. In their additive mortar, cellulose fiber was added as an internal curing
agent, and fine limestone filler was used for adjusting the workability and hydration.
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2.5. SUMMARY AND PERSPECTIVES

B ASED on the information discussed in this study, the conclusions and perspectives
could be made as follows.

 Extrusion of very high/sufficiently stiff materials is still the most common printing
strategy in the field of 3DCP. However, the pumping distance for extrusion of stiff
materials is limited due to the high pumping pressure induced by the high yield
stress and plastic viscosity.

° Compared to the very high/sufficiently stiff material, the material for
set-on-demand printing exhibits exceptionally high fluidity during mixing,
pumping, and extrusion processes, which may be more suitable for large-scale
construction projects. However, the study of set-on-demand printing is still
limited and requires further investigations.

* Physical and chemical characteristics of SCMs were generally believed as the main
reason for influencing the rheology of fresh mixtures.

* Compared with fly ash, slag, and silica fume, calcined clay and limestone appear
to be suitable alternatives to common SCMs for developing sustainable
cementitious materials in the longer term. Feasibility of using high volumes of
limestone and calcined clay as cement substitutions in 3DCP needs further
research. The variables of calcined clay, including the metakaolin content,
secondary phase, fineness, SSA, morphology, and the presence of uncalcined
kaolinitic clay or swelling clays, could strongly influence the fresh and hardened
properties of the blended cementitious materials.

 For characterizing the fresh properties of printable cementitious materials during
the pumping, and extrusion processes, offline methods”, like flowability, ram
extrusion, and rheometry (CSR/hysteresis loop) tests can be employed. The inline
measurements, including pumpability, extrudability, and open time tests, are also
necessary to be applied for validating the printability of developed mixtures.

e After material deposition, the quantification of buildability and structural
build-up becomes critical. Development of yield stress/stiffness with time can be
quantitively determined using the green strength test, penetration test, and
rheometry (static yield stress measurement with time, SAOS, and LAOS tests).
The inline buildability test incorporating experiment monitoring systems can be
implemented to evaluate the developed mixtures directly.

* Except for material compositions, printing parameters, i.e., time intervals, nozzle
standoff distances, printing environmental conditions, and nozzle types, can also
affect the interlayer bond strength of printed cementitious materials.
Additionally, the current strategies for enhancing interlayer bonding can be
summarized as increasing the contact area (interlocking), and the adhesion
between layers.

20ffline test/method/measurement is defined as the experiment used to quantify the fresh properties of
studied materials without using a 3DCP setup in this thesis.
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EFFECT OF PORTLAND CEMENT
SUBSTITUTIONS BY CALCINED CLAY
AND LIMESTONE ON 3D
PRINTABILITY, STIFFNESS
EVOLUTION AND EARLY-AGE
HYDRATION

This chapter aims to investigate the influences of different replacement levels of Portland
cement by using low-grade calcined clay (LGCC) and limestone (LP) on 3D concrete
printability, stiffness evolution and early-age hydration. Results show that, with the same
dosage of admixtures (superplasticizer and viscosity modifier), increasing LP and LGCC
content reduced the slump, flowability and initial material flow rate, and significantly
improved the buildability of fresh mixtures, which can be attributed to the reduced water
film thickness (WFT). Furthermore, the initial set and SSAy:q1 development up to the
first 3 h were accelerated by increasing LGCC content, which can also be linked to the
change of WFT, and consumption of superplasticizer for the dispersion induced by
hydration products. Additionally, the dilution effect on compressive strength and
hydration caused by the high cement replacement was observed. The impact of LGCC
content on the time and intensity of the main hydration peak was also discussed.
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3.1. INTRODUCTION

s reported in Section 2.3.2, Chapter 2 , there have been no attempts to formulate
Aa printable mixture with a higher content (>45% of the binder mass) calcined clay
and limestone for extrusion-based 3D concrete printing (3DCP). The impacts caused by
increasing the proportion of limestone and calcined clay in the binder on 3D printability,
fresh and hardened properties are not clear yet.

The goal of this study is to investigate the effect of high Portland cement
substitutions (>45 wt.%) by blends of low-grade calcined clay and limestone on 3D
printability, stiffness evolution and early-age hydration. Slump, slump-flow, and water
retention tests were performed at the beginning for developing the printable mixtures.
Afterwards, the developed mixtures were assessed by using inline printing methods
(definition: see footnote in Section 2.4.1), i.e., extrudability and operation windows, and
buildability tests. In addition, the impacts on stiffness development and early-age
hydration were determined through measuring the initial setting time, total specific
surface areas at 1 h and 3 h, released reaction heat within the first 7 days and
compressive strength of mold-cast samples at 1, 3, 7 and 28 days. Finally, a discussion
of the obtained results, limitations and perspectives is given.

3.2. MATERIALS AND METHODS

3.2.1. RAW MATERIALS AND MIX DESIGNS

EM I 52.5R type Portland cement (PC), limestone powder (LP), and low-grade
C calcined clay (LGCC) formed the binder of printable mixtures. LGCC that
contained about 50 wt.% of metakaolin was supplied by Argeco, France. The particle
size distribution of all these materials is illustrated in Figure 3.1, determined using laser
diffractometry. Due to the presence of quartz impurity, LGCC shows the largest average
particle size compared to other fines used in this study. The grain size of metakaolin in
LGCC is comparable or even finer than LP (see Figure 3.2). The oxide composition
obtained by X-ray fluorescence spectrometry (XRF) and physical characteristics of all
binding materials are presented in Table 3.1. The Brunauer-Emmett-Telle (BET)
method using liquid nitrogen (N,) was employed to measure the specific surface area
(SSA) of PC, LP, and LGCC. It was found that LGCC showed a much higher SSA than
other binding materials. Under secondary electron (SE) mode of scanning electron
microscopy (SEM), the LGCC particles were observed to exhibit subhedral flaky habit
and clustered structure (see Figure 3.2), which might be the reason for its extremely
high SSA.

Figure 3.3 gives X-ray diffraction (XRD) patterns of PC, LB, and LGCC. XRD was
conducted on a PhilipsPW1830 powder X-ray diffractometer, with Cu-Ka radiation
operated at 45 kV and 40 mA, for 26 values between 5° and 75°. The broad shallow
hump appeared at 15-30° 20 in LGCC indicated the presence of amorphous phases.
Besides, many crystalline phases like mullite (3Al,03 2SiO5), kaolinite (Al,O3 2SiO,
2H,0), and quartz (SiO,) were found in LGCC. PC was mainly composed of alite (3CaO
Si0y), belite (2Ca0 SiO,), tricalcium aluminate (3CaO Al,O3) and gypsum (CaSOg4
2H,0). Calcite (CaCO3) was the primary phase found in the LP. A chemical dissolution
method on the basis of NEN-EN 192-2 [1] was utilized for determining the amorphous
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phase content in LGCC. A proper amount of LGCC was dissolved in dilute hydrochloric
acid solution and afterwards treated with boiling sodium carbonate solution. The
insoluble residue (I.R.) was rinsed, heated to around 950 °C, and cooled to the room’s
temperature (20 °C). Finally, the residue part was weighed by a scale and tested by XRE
The mass loss due to chemical dissolution can be regarded as the amorphous phase
content. The total reactive content of LGCC was about 48.8 wt.% (12.3 wt.% reactive
silicate, 32.0 wt.% reactive aluminite, and 4.5 wt.% other reactive phases). Due to the
size limitation of the pump-hose-nozzle system, quartz sand with a maximum diameter
of 2 mm was used as aggregate in this study. The cumulative particle size distribution of
all dry components is given in Figure 3.1.

Table 3.2 presents the preliminary mixture compositions of 3D printable
cementitious materials. The water-to-binder ratio (W/B) of 0.3 and sand-to-binder
ratio (S/B) of 1.5 were kept identical in this thesis. In mixtures B45, B75, and B90, PC
was replaced by the blend of LP and LGCC in a mass ratio of 1:2 with different
proportions. According to earlier studies [2, 3], a limestone-to-calcined clay ratio of 1:2
may give the best compressive strength development compared to other mass ratios. In
addition to these mixtures, the binder of mixture BO contained only PC as a reference to
investigate the influences of LP and LGCC on fresh state behaviors, cement hydration,
and compressive strength. Note that the current mix designs in Table 3.2 could not be
used for 3D printing directly. According to earlier studies [4-6], the addition of
admixtures (i.e., superplasticizer and viscosity modifying admixture) could help to
modify the rheology of fresh mixtures for acceptable 3D printability. As the swelling clay
was not found in LGCC, a polycarboxylate ether (PCE)-based superplasticizer (SP)
(MasterGlenium®51, BASF) was selected in this study. To modify the cohesion,
viscosity, and water-retaining properties, a hydroxypropyl methylcellulose
(HPMC)-based viscosity-modifying admixture (VMA) in powder form was used. It was
supplied by Shanghai Ying Jia Industrial Development Co., Ltd. The viscosity of HPMC
was reported by the manufacturer as 201,000 mPa.s. The proper dosages for such
admixtures were determined via a series of trial-based tests in Section 3.2.3. All fresh
mixtures (paste and mortar) were prepared in accordance with the mixing procedures
as described in Table 3.3. Note that the time of mixing liquid components (water and
SP) with dry materials was defined as time zero (t=0 min) in this thesis.

3.2.2. LAB-SCALE 3D CONCRETE PRINTING SETUP

A lab-scale 3DCP setup was designed and assembled at the Delft University of
Technology. As shown in Figure 3.4, this system comprises three main parts: a 3-degree
of freedom Computer Numerical Control (CNC) system, a PFT Swing-M type material
conveying pump, and a nozzle. The CNC machine can operate within an area of 1100
mm length, 720 mm width, and 290 mm height. The moving speed could be adjusted
between 0 mm/min and 7200 mm/min. The material conveying pump (also known as
progressive cavity pump) that provided primary forces for pumping and extrusion of
fresh mixtures was based on a rotor and stator configuration. More details about the
pump were given in Section 3.2.4. A 5 m material hose with an inner diameter of 25 mm
was used to connect the pump and the nozzle. In this study, a down-flow nozzle with a
round opening (diameter: 15 mm) was selected for performing the 3D printing test.



3. EFFECT OF PORTLAND CEMENT SUBSTITUTIONS BY CALCINED CLAY AND LIMESTONE
70 ON 3D PRINTABILITY, STIFENESS EVOLUTION AND EARLY-AGE HYDRATION

Table 3.1: Physical properties and XRF composition of PC, LP and LGCC.

PC LP LGCC
Density [g/cm3] 3.120 2.646 2.512
SSA [m?/g] 1.16 122  10.06
Dyso [um] 14.86 2419 69.35
XRF [wt.%]

Ca0O 687 396 06
Si0, 174 02 55.1
Al,O3 4.1 0 38.4
Fe,03 2.8 0.1 26
K20 0.6 0 0.2
TiO, 0.3 0 1.1
710y 0 0 0.1
Other 6.1 60.1 1.9
Total 100.0  100.0  100.0

Table 3.2: Preliminary mix composition of cementitious materials excluding admixtures (% of the binder mass).

Type PC LGCC LP Sand Water
BO 100 0 0 150 30
B45 55 30 15 150 30
B75 25 50 25 150 30
B90 10 60 30 150 30

3.2.3. FORMULATION OF PRINTABLE MIX DESIGNS

SLUMP AND SLUMP-FLOW TESTS

In this study, Higermann cone (70 mm upper internal diameter, 100 mm bottom
internal diameter, and 60 mm height) was employed to perform both slump and
slump-flow tests. The slump-flow test is also known as Hdgermann flow table test. The
test procedures could refer to studies [7]. Before the test, the interior surface of the
mold was lubricated by mold oil. One half of the mold was filled by the fresh mixture,
and then the fresh mixture was agitated using a timber stick about 20 times. The same
procedure was repeated for the second half of the mold. The excess material was slowly
scraped off by a trowel. For the slump test, the height of the sample was measured after
removal of the cone mold. However, if the sample could not retain its shape and the
measured height was lower than 20 mm, the sample’s height was recorded as 0 mm.
After that, 25 times of table drops were conducted on the demolded sample within 25 s.
By using a vernier caliper, the spread diameter was measured in four perpendicular
directions. The average value of spread diameters was recorded as the result of
slump-flow test. For each mixture, three repetitions were executed.

WATER RETENTION TEST

Under a specific pumping or extrusion pressure, the material must remain stable and
homogenous to avoid pressurized bleeding and segregation, which may cause clogging
of printing setup or adversely affect the material performances after extrusion [8].
Therefore, a proper water retention capacity of printable mixture is required. In this
study, the water retention test was performed in accordance with ASTM C1506-09 [9].
The freshly mixed cementitious paste (about 15 min of material age) was weighed and
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Table 3.3: Mixing protocol for the fresh paste/mortar preparation.

Time [min:s] Mixing procedures

-4:00 Mix dry blends at low speed by using a HOBART mixing machine.

0:00 Add water and SP during mixing.

2:00 Pause, scrape the bottom of bowl. Mix at high speed.

3:30 Pause, add VMA, and mix at low speed (for the mixture without VMA: stop, start to test/cast).
7:30 Pause, scrape the bottom of bowl. Mix at high speed.

10:00 Stop, start to test/cast.

Figure 3.1: Particle size distribution of PC, LGCC, LP and sand used in this chapter.

filled in a Biichner funnel attached to a vacuum assembly. An ashless filter paper (20
um sieve size, 110 mm diameter, Whatman’™) was fixed between the paste and funnel.
After exposing the apparatus to a vacuum condition for about 15 min, the loss of mixing
water W; was determined. The water retention capacity W, of fresh paste can be
calculated via Eq 3.1.
Wi
W,=(1 W ) x 100% (3.1)

o

where W, denotes the mass of mixing water in the fresh paste.

3.2.4. EVALUATION OF 3D PRINTABILITY

EXTRUDABILITY AND OPERATION WINDOWS

The section of the material conveying pump is illustrated in Figure 3.5(a). Up to 38 L
fresh mixtures can be filled in the hopper of the pump. Driving by the motor and rotor-
stator system, the fresh mixture can be extruded at a specific flow rate (Q) constrained by
both the motor speed and the rheology of fresh mixture. According to studies [7, 10], the
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(a)

(b)

Figure 3.2: Electron micrograph of (a) LGCC and (b) LP under secondary electron mode (Left: magnification of x6,000; Right:
magnification of x20,000).
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Figure 3.3: XRD analysis results: (a) LP; (b) PC; (c) LGCC. M-mullite, Q-quartz, K-kaolinite, G-gypsum, C3S-alite, C3A-
tricalcium aluminate, C-calcite.

linear material flow rate (V;;,,04,) of fresh mixture should be near to the nozzle/printhead
moving speed (V,,) for archiving an acceptable printing quality.

Q

Vi = Viinear = A 3.2)
where A is the area of nozzle opening (mm?). The workability of fresh mixture should
change with time due to the stiffness evolution and hydration of cementitious
materials. Besides, the fresh mixture may suffer high friction when it passes through the
rotor-stator component, which appears to increase the material temperature. Such
effects could also accelerate the workability loss of fresh cementitious material. The
change of material rheology (in terms of workability loss) can lead to a decrease in
material flow rate during printing, which severely affects the printing quality. For
example, when V,;>Vj;,eqr, the extruded filaments become thinner or even
discontinuous (see [7, 10]). Thus, in this study, I proposed an extrudability window test,
which was based on the pumpability test by [7] and open time test by [11, 12], to
characterize the change of material flow rate with time. The test procedures were
summarized as follows:

* First, about 8 L of the fresh mixture was prepared in accordance with the mixing
protocol in Table 3.3. The freshly mixed material was poured in the hopper of the
material conveying pump and the surface temperature of fresh mixture 77 was
measured by using a non-contact thermometer (TENMA) (see Figure 3.5(b)).

* Second, the extrusion test was started at the material age of 15 min (the time
since water addition). Note that the material hose was not used since the tested
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@

(b)

Figure 3.4: A lab-scale 3DCP configuration at TU Delft: (a) 3D CNC table and material conveying pump; (b) Down-flow nozzle
with a round opening (@ 15 mm).
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material may lead to blockage during testing. Under a constant pumping rate of
58-60 rpm, the fresh mixture was delivered through the pump and the surface
temperature of the extruded material T, was measured as well (see Figure 3.5(b)).
The extruded material was collected for about 10 s. The mass of collected
material and the unit of weight of the mixture were employed to compute the
real-time material flow rate. This process was repeated twice for each mixture.
Besides, the extruded material was also used to conduct the setting time test (see
Section 3.2.5).

» Afterwards, the extrusion trial was repeated at the material age from 30 min to 2 h
with a time gap of 10 min. For some mixtures, this test may be terminated earlier
if the loss of material flow rate is more than 30%. Concerned about the thixotropy
of fresh cementitious materials, a pre-extrusion session was designed at the last
two minutes of the time gap. The pump was initiated at a 58-60 rpm pumping
rate to extrude fresh cementitious material during the pre-extrusion session. The
measurement was not started until the continuous filament was obtained (see
Figure 3.5(b)).

I proposed two indicators in this test, i.e., extrudability window and operation window.
The former one was defined as the time window for ensuring a good printing quality (the
loss of material flow rate is less than 5%). The operation window was the maximum time
to perform the printing work using one-batch material (the loss of material flow rate is
less than 30%). If exceeding the operation window, the material with high stiffness may
block the hose.

BUILDABILITY TEST

The test process is illustrated in Figure 3.6. A hollow cylinder with a 200 mm diameter
was printed by using different mixtures to evaluate their buildability. The nozzle was
moved up with a height of 8 mm at the end position of each layer. Thus, the designed
layer thickness was about 8 mm, whereas this thickness may be increased with the
increase of nozzle standoff distance induced by the deformation of the bottom layers.
The pump rate of 58-60 rpm (the same as the speed in the extrudability window test)
was kept identical for various mixtures. Within the extrudability window, the material
flow rate of one fresh mixture could be a relatively constant value, which was used to
compute the nozzle moving speed. Therefore, the test time should not exceed the
extrudability window of the fresh mixture. According to studies [7, 12], the maximum
number and height of deposited layers before collapsing were recorded as indicators for
this test.

3.2.5. CHARACTERIZATION OF EARLY-AGE HYDRATION

INITIAL SETTING TIME AND SSA;4;4 MEASUREMENTS

The initial setting time of studied mixtures (mortar) was measured via an automatic
Vicat test apparatus. The test was performed under NEN-EN 196-3 [13]. At the
beginning (before the initial setting: penetration depth>36.5 mm), the Vicat needle
dropped automatically after each 10 min. Until the penetration depth equal to or
smaller than 36.5 mm, which stands for the initial set of the tested material, the time
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Figure 3.5: (a) Illustration of the section of material conveying pump; (b) Measurements of material flow rate and increased
temperature (T=T>-T17).
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Figure 3.6: Example of the buildability test process.

between two drops was reduced to 5 min. For each test, 44 times drops were conducted
in total. Both regular cast (directly use the material after mixing) and “pump” cast
(extruded material from Section 3.2.4) mortars were tested in this study:.

As mentioned earlier, the early-age behaviors, including the loss of
workability/flowability, evolution of material stiffness, development of green strength
and microstructure, within the first 3-4 h, are of great interest for material researchers
in the field of 3DCP. From a microstructural point of view, the evolution of material
stiffness seems to be dominated by the nucleation and growth of hydrates between
particles [14], resulting in a considerable increase of SSAy;4; [15]. Therefore, SSA;orai
of each studied mixture (paste) was measured at the material ages of 1 h and 3 h in this
study. Solvent exchange with isopropanol was employed to stop the hydration of paste
samples. According to Ref [15, 16], about 3-5 g of paste extracted from a sealed sample
was mixed with a proper amount of isopropanol solvent (paste/solvent=1:10) for 10-15
min. Subsequently, the suspension was filtered to remove the solvent by using a filter
paper (2.5 um sieve size, 55 mm diameter, Whatman”™), a Biichner funnel and an
aspirator pump. The moist powder was collected and dried in a 40 °C aerated oven for
30-40 min. Finally, the sample was stored in a light vacuum desiccator until constant
mass. For determining the total SSA (SSA;,¢4;) of hydrated cementitious materials, dry
powders (after the hydration process was stopped) were gently homogenized in an
agate mortar. By using a BET multi-point nitrogen (N») physisorption apparatus
(Gemini VII 2390), the SSA;;4; of dry powders was measured.
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[SOTHERMAL CALORIMETRY AND COMPRESSIVE STRENGTH TESTS

An eight-channel TAM Air isothermal calorimeter was used to measure the heat flow
from all of the mixtures in this study. Each channel contains two parallel cells, one for a
testing vessel and the other for a reference vessel. 20 ml glass vessels were employed for
the tested and reference samples. The reference vessel was filled with fine sand, which
has a similar specific heat capacity as the tested sample. Each channel was an
independent unit and was calibrated before starting the tests. The aggregate portion of
each mix was excluded. Before placing the samples, a baseline was recorded for about
30 min. The samples with the same mass (6 g) were filled in the glass vessel and
immediately moved into the calorimeter, which had been kept constantly at 20 °C. Heat
values from the reactions of each mixture were recorded every 20 s for a period of 168 h
(7 days).

Mold-cast mortar specimens (40 mm cube) were prepared and tested at the material
ages of 1, 3, 7, and 28 days to monitor the evolution of compressive strength with time.
All specimens were cured and stored in a fog room (20 + 2 °C, and above 95% RH) until
conducting the test. According to NEN-EN 196-1 [17], a loading rate of 2.4 kN/s was
employed to perform the compressive strength test. For each mixture at each material
age, the average value of compressive strength was obtained through 3 repeated tests.

3.3. RESULTS

3.3.1. MIX DESIGNS AND FRESH PROPERTIES
SLUMP AND SLUMP-FLOW

CCORDING to the preliminary test, W/B of 0.3 could not maintain mixtures in Table

3.2 saturated without adding SP. Thus, 0.5-2% (of the binder mass) of SP with a 0.5%
increment was added into mixtures. The slump and slump-flow test results of these
mixtures containing a certain amount of SP are illustrated in Figure 3.7. Mixtures with
relatively weak flowability exhibited a considerable height after demolding (Figure
3.7(a)), and a small spread diameter after the table dropped 25 times (Figure 3.7(b)). It
could be found that 0.5% SP only satisfied the demand of mixture B0. For mixtures B45,
B75 and B90, the required minimum dosage of SP was increased with the increase of
LGCC and LP content. The high PCE-based SP demand for calcined clay/MK-based
cementitious materials has been reported by [18-21]. This may be mainly induced by
the high SSA and layered particle structure of calcined clay if the swelling clay, e.g.,
montmorillonite, was not available. Overall, at least 1.5% SP was required to keep all
mixtures saturated, and the addition of 2% SP resulted in the similar flowability of all
fresh mixtures.

For modifying rheology and enhancing water retention property of studied
mixtures, 0.12-0.36% (of the binder mass) of VMA was mixed in the fresh mixtures with
1.5% of SP. As shown in Figure 3.8, increasing the dosage of VMA can reduce the slump
of demolded sample and the spread diameter. Also, the increase of LGCC and LP
content can improve the shape retention capacity and reduce the flowability of tested
samples. Almost zero-slump can be found in Figure 3.8(a) for mixtures B75 and B90
with the addition of 1.5% SP and 0.36% VMA. However, the high dosage of VMA could
lead to excessively high pumping pressure (which limits the material flow rate), high
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porosity of the printed filament and adverse effects on hydration (see Chapter 4). Thus,
0.36% of VMA was not considered for further tests in this study. The mixtures with
0.24% VMA showed a much smaller slump value and moderate spread diameter
compared to that of mixtures containing 0.12% VMA. If the addition of 0.24% VMA was
kept identical, increasing SP dosage from 1.5% to 2% in mixtures B75 and B90 can
enhance the flowability and only slightly affect the slump of demolded sample, as
shown in Figure 3.8.

(@ (b)

Figure 3.7: Slump and slump-flow test results of mixtures with different SP dosages: (a) Height (before table drops), the height
smaller than 20 mm is recorded as 0 mm,; (b) Spread diameter (after 25 times of table drops).

WATER RETENTION CAPACITY

Based on the results of slump and slump-flow tests, three admixture options, i.e., 1.5%
SP+0.12% VMA, 1.5% SP+0.24% VMA, and 2% SP+0.24% VMA (only for mixtures B75
and B90) were employed for assessing the water retention property of fresh mixtures.
Also, 1.5% SP was designed as a reference. Figure 3.9 shows the water retention capacity
of different mixtures containing different dosages of SP and VMA. For these mixtures
with 1.5% SP, the increase of VMA addition could significantly improve the water
retention property. These results confirmed that the water retention of cellulose
ether-derived polymer (HPMC in this study) primarily depends on the concentration
used in the mixture [22]. Besides, as shown in Figure 3.9, more quantities of water were
retained in mixtures containing LP and LGCC (B45, B75 and B90) in comparison with
mixture BO for the same admixture addition. This might be attributed to the water
adsorption on (calcined) clay minerals. Such water adsorption behaviors of kaolinite,
illite and montmorillonite clays have been comprehensively studied by Hatch et al.
[23]. Additionally, mixtures with 2% SP+0.24% VMA showed very close water retention
value compared to mixtures with 1.5% SP+0.24%VMA. The possible reasons why the
higher SP content did not result in more amount of bleed water have been explained by
Rahul et al. [8]. The high content of SP may lead to many non-adsorbing PCE polymers
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Figure 3.8: Slump and slump-flow test results of mixtures with different dosages of SP and VMA: (a) Height (before table drops);
(b) Spread diameter (after 25 times of table drops).

remained in the suspension, which could increase the viscosity of pore solution [3] and
generate a kind of depletion force resulting in particle flocculation [24, 25]. Such effects
may raise difficulties of bleeding and enhance the water retention capacity of fresh
mixtures.

According to results of water retention, slump and slump-flow tests, mixtures
including 1.5% SP+0.24% VMA exhibited good shape retention (small slump after
demolding), moderate flowability, and optimal water retention capacity. Thus, 1.5%
SP+0.24% VMA was selected for all mixtures. Acceptable fresh properties could be
observed in mixtures B75 and B90 with 2% SP+0.24% VMA, which were also employed
for further characterization. Table 3.4 presents all mix designs prepared for the
following assessments. Note that BO-1 was not used for 3D printing and designed as a
reference for determining the effect of increasing LGCC and LP fractions on the early
age hydration.

Table 3.4: Amounts of admixtures for acceptable printing performance of the binders formulating the printable cementitious
materials.

Binder + Water + Aggregate Admixture
Based on Table 3.2 SP (wt.% of the binder VMA (wt.% of the binder
mass) mass)
BO-1 BO 1.5 0.24
B45-1 B45 1.5 0.24
B75-1 B75 1.5 0.24
B75-2 B75 2.0 0.24
B90-1 B90 1.5 0.24

B90-2 B90 2.0 0.24
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Figure 3.9: Water retention of fresh mixtures with different dosages of SP and VMA.

3.3.2. 3D PRINTABILITY

EXTRUDABILITY AND OPERATION WINDOWS

Figure 3.10(a) gives the material flow rates of various mixtures at different material ages.
Under the same pumping rate of 58-60 rpm, the material flow rate of different mixtures at
the same material age was not similar due to the various rheological properties. Under
an identical extrusion shearing, mixtures demonstrating a relatively low flow rate may
have the high Bingham rheological parameters (yield stress and/or plastic viscosity). At
the materials age of 15 min, mixture B90-1 showed the minimum material flow rate. A
similar initial material flow rate can be found in mixtures B45-1 and B75-1. Compared
to mixtures B75-1 and B90-1, mixtures B75-2 and B90-2 had a much higher material
flow rate induced by the 0.5% SP increment. For mixtures B75-1 and B90-1, the loss of
material flow rate was evident after 30 min. The change of material flow rate can be
attributed to the loss of material workability with time. However, for mixtures B45-1,
B75-2 and B90-2, the relatively constant material flow rate can be maintained for a long
time. The material flow rate of mixture B45-1 could be kept at about 0.9 L/min during the
first two hours. For the same admixture addition (1.5% SP+0.24% VMA or 2% SP+0.24%
VMA), increasing the LGCC and LP content could result in a fast change of material flow
rate. Based on the definition of extrudability and operation windows in Section 3.2.4,
Figure 3.10(b) presents the results of both windows for different mixtures. Mixtures B75-
1 and B90-1 exhibited relatively short times for extrusion and operation. In contrast,
the increase of 0.5% SP (mixtures B75-2 and B90-2) can extend both extrudability and
operation windows about 20-50 min.

The increased material temperatures between before and after extrusion for each
mixture at different material ages are plotted in Figure 3.10(c). The mixture with a low
material flow rate shows a relatively high temperature increase, as seen from Figure
3.10(d). This is probably induced by the high friction between the mixture and the
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rotor-stator setup during extrusion. For a constant rotation speed (the shear stress is
kept identical), such friction was primarily dominated by the rheological behavior of
mixtures at the tested time. Besides, the generated heat could influence the stiffness
evolution (initial setting) of deposited materials, which was studied in Section 3.3.3.

(@ (b)

(© (d)

Figure 3.10: (a) Material flow rates of different mixtures at various material ages; (b) Test results of extrudability and operation
windows; () Increased temperatures (after extrusion) of different mixtures at various material ages; (d) Correlation between
material flow rates and increased temperatures after extrusion.

BUILDABILITY

The printing parameters for performing buildability tests are summarized in Table 3.5.
The pump rate was kept at 58-60 rpm that was the same as the one used in the
measurement of extrudability and operation windows. According to the test result of



3.3. RESULTS 83

extrudability window, all studied mixtures can maintain a relatively stable material flow
rate at the material age of 15-30 min. Thus, the buildability test was conducted within
this period. As mentioned earlier, to ensure continuous printing, the nozzle moving
speed V;,, was kept almost equal to the linear extrusion speed of the material Vj;,eqr-
Due to the different rheological behaviors, the printing speed (nozzle moving speed and
material flow rate) of different mixtures was not the same in buildability test. This
inequality led to the variation of the time gap between layers. However, owing to the
short length of the printing path for each layer used in this test, the time interval
deviation between different mixtures was tiny. As seen from Table 3.5, the maximum
difference of time gap is only about 2.3 s. Therefore, the influence caused by the
different time gaps on the buildability test was not considered.

The buildability test process and results are presented in Figures 3.11 and 3.12. It
could be found that mixture B90-1 exhibited the optimal buildability and can be used to
stack more than 20 layers vertically without collapse. The buildability test of mixture
B90-1 was terminated at the 21°! layer due to the insufficient amount of material in the
hopper. As shown in Figure 3.12, mixtures B75-1 and B90-2 displayed similar
buildability, and the printed structure could reach at most 18 layers. By using mixtures
B45-1 and B75-2, only 12 layers were stably deposited. Therefore, with the same
addition of admixture (SP+VMA), the mixture containing a higher content of LGCC and
LP can stack more layers and demonstrated a better buildability. Besides, increasing SP
dosage from 1.5% to 2% clearly weakened the buildability of fresh mixtures.

As illustrated in Figure 3.11, the final buckling collapse (except mixture B90-1) can
be attributed to the local or global instability of the printed structure, initiated by large
plastic deformations occurring in the bottom layers. The unstable layer deposition was
induced by the increase of nozzle standoff distance h; that decreased the contact area
between layers (see Figure 3.13). Due to the employment of a down-flow nozzle with a
round opening, the new layer was built on the top of the substrate via a squeezed
forming process at the beginning of the printing session. This means that the bottom
layers should sustain the load not only from the weight of freshly deposited layers but
also from the nozzle (when 8 mms< /; <15 mm). These forces can lead to the increase of
plastic material deformation of the substrate, contributing to the increase of nozzle
standoff distance. With increasing the nozzle standoff distance, the squeezing force
from nozzle was decreased gradually (when 8 mm< h; <15 mm), and then disappeared
when the nozzle standoff distance was equal to or larger than the diameter of nozzle
opening (when h; =15 mm). Overall, structure collapse in the buildability test is
dominated by the large cumulative plastic deformation of bottom layers. For the
mixture with a good buildability, the material deformation during the layer-stacking
was not significant. For example, the printed structure manufactured using mixture
B90-1 showed relatively even layer thickness from the bottom to the top.

CORRELATION BETWEEN INLINE AND OFFLINE TEST RESULTS

The test results in this study confirmed that slump and slump-flow tests could indicate
the buildability and extrudability/pumpability of 3D printable cementitious materials.
A linear relationship between the sample height after demolding in slump test and the
maximum height of printed structure before collapsing is illustrated in Figure 3.14(a).
Similar findings have been reported elsewhere [7]. The height of demolded sample in
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Figure 3.11: Buildability tests of mixtures (a) B45-1; (b) B75-1; (c) B75-2; (d) B90-1; (e) B90-2.
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Table 3.5: Printing parameters for performing buildability test.

Test time Predefined Pump Material Nozzle Nozzle Time gap
(material nozzle rate [rpm]  flow rate opening moving between
age) [min] standoff [L/min] (diameter) speed layers [s]
distance [mm)] [mm/min]
[mm|]
B45-1 15-30 8 58-60 0.90 15 5100 7.4
B75-1 15-30 8 58-60 0.89 15 5040 7.6
B75-2 15-30 8 58-60 1.01 15 5700 6.7
B90-1 15-30 8 58-60 0.73 15 4140 9.0
B90-2 15-30 8 58-60 0.85 15 4800 8.1

Figure 3.12: Buildability test results of different mixtures. The measured maximum height of printed structure before collapse.

the slump test depends on the static yield stress of the tested cementitious material
[15, 26, 27]. As previously described, the buildability of fresh mixtures is dominated by
their static yield stress at rest [28-30] when all printing parameters (e.g., printing speed,
nozzle standoff distance, and time interval between layers.) are kept identical. The high
static yield stress indicates a good buildability in general. Moreover, as seen from Figure
3.14(b), the spread diameter of different samples after 25 times of table drops in
slump-flow test seems linearly correlate with the material flow rate under 58-60 rpm at
the similar material age. The mixture with a high spread diameter showed a high flow
rate, indicating a high flowability and low dynamic yield stress. Overall, employing
slump and slump-flow tests can be employed as a simple and efficient way to formulate
printable cementitious materials at an early stage. However, using Hdgermann cone is
not the conventional way to perform the slump test for mortar. The mold height of
Hégermann cone is only 60 mm, which may be insufficient for comparing some
mixtures with very high static yield stress (zero-slump after demolding). Generally, it is
suggested to use a mini-slump cone with 50 mm top diameter, 100 mm base diameter,
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Figure 3.13: Tllustration of the increased nozzle standoff distances and the expected cross-section of printed structure during
printing.

and 150 mm height for conducting the slump test of mortar (see [11]). Also, cylindrical
molds with an aspect ratio of 1 can be considered (see [15, 31]).

3.3.3. STIFFNESS DEVELOPMENT AND EARLY-AGE HYDRATION

INITIAL SETTING TIME AND SSA EVOLUTION

Figure 3.15 compares the initial setting time of different mixtures prepared by a regular
casting process or by a pump-casting (after extrusion) process. The pump-casting
process can accelerate the initial set of the studied mixtures. The reduction of initial
setting time for different mixtures was various and ranged between 23 min and 50 min.
Asreported in Section 3.3.2, the temperature of mixture was increased during extrusion,
which accelerated the water loss of fresh mixture. This may explain the acceleration of
initial set induced by the pumping process. Besides, increasing the temperature of
cementitious materials may enhance the structuration rate at rest, hydration rate of
cement, and formation rate of hydration products [32]. Such effects were not studied in
this chapter and will be investigated in the future. In addition, as shown in Figure 3.15, a
slight increase of SP in mixtures (see B90-2 and B75-2) can significantly delay the initial
setting by about 1 h. For the same admixture addition, the mixture with a high dosage
of LGCC and LP displayed a short initial setting time. These phenomena will be
discussed in Section 3.4.2.

The test results of SSA;o¢4; at 1 h and 3 h are plotted in Figure 3.16(a). For the same
admixture addition, mixtures containing a high dosage of LP and LGCC showed a great
high SSA;q:4; at both tested material ages. This was due to the relatively high SSA of
LGCC and the fast growth of SSA;,;4; during 1-3 h (see Figure 3.16(b)). By increasing
the SP dosage (for mixtures B75 and B90), the evolution of SSA;y;,; between 1 h and
3 h was severely decelerated, whereas this influence on SSA;,,; at the first hour was
very limited. The increase of SSA;,:4; within the first hour was probably attributed to
the precipitation of some earlier hydration products (likely ettringite [33], and/or other
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Figure 3.14: The linear correlation between: (a) Measured sample height in slump test and measured printed structure height
in buildability test; (b) Measured spread sample diameter in slump-flow test (after 25 times of table drops) and material flow
rate (under 58-60 rpm) at 15 min in extrudability window test.
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Figure 3.15: Results of the initial setting time.

hydrated aluminate phases) during the initial mixing stage [15]. More discussions about
the development of SSA;,,; Will be given in Section 3.4.2.

ISOTHERMAL CALORIMETRY AND COMPRESSIVE STRENGTH

Figure 3.17 compares isothermal calorimetry test results of different studied paste
mixtures. The normalized heat flow and cumulative heat by mass of paste with 7 days
are plotted in Figures 3.17(a) and 3.17(b), respectively. With the increase of PC
substitution by LP and LGCC, both the intensity of the main hydration peak in Figure
3.17(a) and the cumulative heat value at 7 days in Figure 3.17(b) were significantly
decreased, which indicated the dilution effect on hydration. Moreover, the retardation
of hydration caused by the higher dosage of SP can also be observed in Figures 3.17(a),
3.17(b) and 3.17(c). Compared to mixtures B75-1 and B90-1, the main hydration peak of
mixtures B75-2 and B90-2 were delayed about 6-8 h. However, such effects only retard
the early-age hydration and do not heavily modify the cumulative heat value at 7 days
(see Figure 3.17(b)).

To better observe the influence of high-content LP and LGCC replacements on
early-age hydration, the normalized heat flows of different mixtures containing the
same dosages of admixtures (1.5% SP+0.24% VMA) by mass of Portland cement within
the first 4 days are extracted from Figure 3.17(c) and demonstrated in Figure 3.17(d). It
can be found that there were three curve patterns. First, for mixture BO-1, only one peak
primarily induced by alite hydration was observed after the induction period. Second,
except the dissolution peak at the very beginning, three peaks, possibly indicating the
main hydration, aluminate reaction (sulfate depletion) [34-36], and the formation of
AFm and/or other phases [36, 37], were recognized in mixtures B45-1 and B75-1.
Compared to mixture B0-1, the main hydration peak of mixtures B45-1 and B75-1
appeared about 3 h and 12 h earlier, owing to the shorter induction period. The possible
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Figure 3.16: (a) SSA;;; of different paste mixtures at the material ages of 1 h and 3 h; (b) Growth rate of SSA,; of different
paste mixtures between 1 h and 3 h.
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reasons were discussed in Section 3.4.3. Third, the curve shape of mixture B90-1 was
dissimilar to that of other mixtures in Figure 3.17(d). Peak 1 may be referred to the
aluminate reaction. The additional reactive aluminate was provided by LGCC.
According to [36, 38-40], the sulfate depletion may occur in the initial period (a left shift
of aluminate peak) if the sulfate amount is insufficient in the binder system. After that,
a shoulder, denoted as Peak 2, was observed at 24 h, close to the occurrence of the main
hydration peak for mixtures B45-1 and B0-1. About 20 h later, a broad peak (Peak 3)
with a higher intensity than Peak 2 was determined. However, it was difficult to
recognize which one (Peak 2 or 3) was dominated by alite hydration only based on the
current results. As reported by [38, 39], aluminum in the solution can inhibit alite
hydration during the C-S-H growth period. In their cases, the alite peak in the
under-sulfated system not only appears late but also is much lower and broader
compared to that of the single alite phase system. In Figure 3.17(d), both Peak 2 and 3 in
mixture B90-1 showed smaller and broader intensity than the main hydration peak of
other mixtures. Nevertheless, the time of Peak 2 was very close to the main hydration
peak in mixtures B45-1 and BO-1. Thus, in this study, Peak 3 might be caused by alite
hydration, and Peak 2 may indicate the formation of AFm and/or other phases. To
validate this hypothesis, a series of material characterizations using (in-situ) X-ray
diffraction and thermogravimetric analysis are required in further study.

The compressive strength test results of different mixtures (mold-cast mortar) at 1,
3, 7 and 28 days are presented in Figure 3.18(a). For the same dosage of SP and VMA,
increasing the content of LGCC and LP in the binder decreased the compressive
strength at all tested ages. Mixture BO-1 containing 0% of LGCC and LP showed the
optimal compressive strength among all mixtures. In comparison with mixture B0-1,
mixture B45-1 displayed much lower early-age compressive strength, i.e., 1 and 3 days,
and comparable strength at 7 and 28 days, which agreed with the findings of Avet et al.
[3]. The moderate compressive strength of about 25 MPa can be obtained at 28 days by
replacing 75% of PC with LP and LGCC (mixtures B75-1 and B75-2). Further reducing
the PC content resulted in a significant decrease of compressive strength (mixtures
B90-1 and B90-2). Moreover, for mixtures B75 and B90, the increase of SP dosage from
1.5% to 2% can reduce nearly 50% of compressive strength at 1 day, whereas such
influences were diminished obviously from 3 days onwards.

If all cast samples with the similar air void content and distribution, the
compressive strength may mainly depend on the hydration of cementitious materials.
A linear correlation between the compressive strength of mortar and the normalized
cumulative heat value of paste at 1, 3 and 7 days is illustrated in Figure 3.18(b). The
R-squared value of the fitted curve was higher than 0.9, which appeared to confirm the
critical role of cement hydration on the compressive strength of cast samples in this
context.



3.3. RESULTS 91

(@ (b)

(0 (d

Figure 3.17: Test results of isothermal calorimetry: (a) Normalized heat flow by mass of paste with time (7 days); (b) Normalized
cumulative heat by mass of paste with time (7 days); (c) Normalized heat flow by mass of Portland cement with time (7 days);
(d) Normalized heat flow by mass of Portland cement with time (4 days).
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(a)
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Figure 3.18: (a) Compressive strength of different mixtures at 1, 3, 7, and 28 days. (b) The linear relationship between
compressive strength and normalized cumulative heat by mass of paste at 1, 3, and 7 days (excluding any heat within the
first 2 h after mixing).
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3.4. DISCUSSION
3.4.1. EFFECT OF INCREASING LGCC AND LF CONTENT ON FLOWABILITY
AND 3D PRINTABILITY

F the dosage of admixtures remains unchanged, the main difference between

mixtures in this study is the binder composition. Thus, for mixtures B0-1, B45-1,
B75-1, and B90-1, the various material behaviors in aspects of flowability and 3D
printability appear to be dominated by the LGCC and LP content. The physical
characteristics, including the total SSA, solid fraction, and packing density, may be
modified by increasing the proportion of LGCC and LP in the binder. In cementitious
pastes, the initial role of water is to occupy the voids between particles. In most cases,
the water content is higher than the required minimum amount for filling all voids. The
excess water may form water films on surfaces of particles to ease the friction between
solid particles [41]. Earlier studies [41-45] showed that the flowability, rheology and
strength of fresh cementitious materials are strongly related to the corresponding water
film thickness (WFT). According to [42, 45], the WFT of paste can be calculated via the

following equations:
Hexcess

WFT = 3.3)
SSAy
VpcSSA VipSSA Vi SSA
SSAg = PC pc | Vip Lp  Vicee LGCC 3.4)
PpPC pLp pLcece

where SSA, is the total SSA of dry binder (m?/cm3); Vpc, Vip and Vigece denote the
volumetric ratio of PC, LP and LGCC in the binder; SSApc, SSArp and SSA;gcc stand
for the measured SSA (m?/g) of PC, LP and LGCC. ppc, prp and prgcc denote the density
of PC, LP and LGCC (see Table 3.1). excess is the excess water volume fraction (the excess
water volume/the solid volume), which is obtained by:

HMexcess = Htotal — Hvoid (3.5)

where [10:4; and ;4 denote the water ratio of the paste (total water volume/the solid
volume) and void ratio (total void volume/the solid volume), respectively. ,0iq is

quantified by:
1-7

Hvyoid = (3.6)

where 7 is the packing density of the binder. In this study, the packing density of each
binder was measured by using the Puntke test. The test was conducted under the
description given by [8, 46]. The mixing liquid in the Puntke test comprised water and
5% SP (1.5% of the binder mass). Note that the packing density used in Eq 3.6 can also
be acquired via the wet packing method [47] or a packing algorithm [45]. Besides, sand
and VMA of each mixture (see Tables 3.2 and 3.4) were excluded from the calculation of
WFT. The packing density, SSAyg and WFT of studied cementitious systems are
illustrated in Figure 3.19. The impact of LGCC and LP addition on packing density is
very limited. Only mixture B90 shows a slight decrease in packing density compared to
others. In contrast, increasing the content of LP and LGCC in the binder leads to a vast
increase of SSAp, which is probably due to the extremely high SSA of LGCC.
Consequently, a steep reduction of WFT was expected as the increase of SSAg. For the
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tests performed within 30 min after water addition, i.e., slump and slump-flow,
buildability, and extrudability window tests (first two trials), the nucleation and
structuration between particles should not start yet. Mixtures with a small WFT of paste
(high content of LGCC and LP) displayed a strong shape retention and buildability, as
well as a weak flowability and extrudability (see Figures 3.7, 3.8, 3.10, 3.12 and 3.20).
Without considering about structural build-up, the rheological performance of fresh
mortar is primarily dependent on the WFT of paste and cement (binder in this context)
to aggregate ratio [48]. In this chapter, the binder to aggregate ratio and aggregate
gradation were kept constant for all tested mixtures. Thus, the WFT of pastes as an
intrinsic indicator combining many physical features of mixture, i.e., water content,
packing density and SSA, plays the most critical role in influencing fresh-state
behaviors at this stage.

3.4.2. EFFECT OF INCREASING LGCC AND LF CONTENT ON STIFFNESS
EVOLUTION WITH TIME

The structural build-up at rest within the material age of 3-4 h is of great importance
for 3D printable cementitious materials considering the printing process. The mixture
exhibited a fast stiffness evolution or structuration rate at rest (after deposition) can be
regarded as merit in applying 3D printing. For the same addition of admixtures, the
results of extrudability test (see Figure 3.10) showed that the mixture containing a higher
dosage of LGCC and LP experienced a faster material flowability and extrudability loss
(material flow rate). Due to the short gap between two test trials (8 min), the tested
materials were not at a constantly dynamic status. The material stiffness appeared to
be developed during the short resting time, leading to a gradual workability reduction.
Consequently, a significant decrease in material flow rate with time was observed for
these mixtures, i.e., mixtures B75-1 and B90-1, which displayed a fast stiffness evolution.
Similarly, increasing the LP and LGCC substitution of the binder accelerates the initial
set of fresh mixtures, as shown in Figure 3.15.

The LP with the similar fineness and SSA compared to that of PC was used as an ideal
inert filler in studied mixtures. In contrast to LP, LGCC containing a relatively high dosage
of reactive aluminate phases (32 wt.%) seems to play a dominant role in accelerating the
stiffness development of fresh cementitious materials within the first several hours. For
the cementitious systems consisted of high content of LGCC and LP (mixtures B75 and
B90), the amount of calcium sulfate (gypsum) was very low due to the limited addition of
PC. At the very early age of hydration (3-4 h since water addition), lack of gypsum in the
binder system can lead to a sulfate depletion caused by aluminate reaction at the initial
stage (see Peak 1 of mixture B90-1 in Figure 3.17(d)), whereas this phenomenon was not
observed in mixtures B45-1 and B75-1. Additionally, the formation of massive hydration
products, especially hydrated aluminate phases, relating to the increase of SSA seems
the main reason governing the workability loss and stiffness evolution of fresh mixtures.
As shown in Figure 3.16, increasing the content of LGCC and LP in the binder accelerated
the development of SSA;,;4; during 1-3 h. From the perspective of water film theory in
Section 3.4.1, the increment of SSA;,;4; can further reduce WFT affecting the fresh-state
behaviors of mixtures (without considering the difference in water consumption rate).

The stiffness evolution of studied mixtures was also influenced by the presence of
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Figure 3.19: (a) Packing density and SSAp; (b) Water film thickness of cementitious systems containing different contents of
limestone and calcined clay.
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Figure 3.20: Correlation between: Water film thickness and measured sample height in slump test; Water film thickness and
measured sample diameter in slump flow test.

PCE-based SP. At the very beginning, PCEs adsorbed on the surface of cementitious
particles for dispersing them and controlling their flocculation [15, 49]. However, as
mentioned by [15], compared to adsorbing on cement particles, PCEs may tend to be
consumed by hydrated aluminate phases owing to the preferential sequestration
[50, 51] or adsorb on ettringite [33, 52] at the early-age hydration. The precipitation of
such crystal phases can provide more specific surface areas [33], which vastly reduces
the available PCEs for the dispersion [15, 50, 53]. Also, this process could improve the
delay of anhydrous phase dissolution caused by PCEs and accelerate the nucleation
and hydration of cement [35, 54]. For mixtures B75 and B90, the slight increment of SP
dosage from 1.5% to 2% can increase the available PCEs in the solid suspension for
extending its dispersion effect. The extrudability window of fresh mixture was
prolonged due to this effect (see Figure 3.10). Nonetheless, the development of material
stiffness, as indicated by the initial setting time and the growth rate of SSA;,;4; (see
Figures 3.15 and 3.16), were severely declined.

3.4.3. EFFECT OF INCREASING LGCC AND LF CONTENT ON THE MAIN
HYDRATION PEAK
For the same addition of admixture (1.5% SP and 0.24% VMA), the hydration of various
mixtures in Figure 3.17 was only influenced by the content of LP and LGCC. According
to Section 5.3.5, Chapter 5, the addition of LGCC appears to play a significant role in
accelerating the alite hydration instead of LP. As mentioned in Section 3.4.2, increasing
LGCC dosages in the binder can increase the amount of reactive aluminate phases,
which may govern most of the phenomena observed in Figure 3.17. The time of the
main hydration peak was reduced by increasing the reactive aluminate content from
0% to 16% (0-75% of LP and LGCC), as seen from Figure 3.21. The acceleration of alite
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hydration may be attributed to the consumption of PCEs induced by the hydrated
aluminate products, as explained in Section 3.4.2. However, the further increment of
reactive aluminate (19.2% in mixture B90-1) resulted in huge retardation of the main
hydration peak. Note that I assumed Peak 3 as the main hydration peak of mixture
B90-1. Even using Peak 2 in this context, an apparent delay of the time of the main
hydration peak compared to that of mixture B75-1 can also be found in Figure 3.17.
According to [55, 56], the dissolution of C3S and growth of C-S-H nuclei may be
inhabited and poisoned by the high concentration of aluminate ions from the dissolved
metakaolin. Due to the low dissolution rate of metakaolin compared to C3S, such
inhibitions are only significant once a high metakaolin content was employed. This
hypothesis seems to fit very well to the obtained results in this study. For mixture B90-1,
the reactive aluminate content is only slightly higher than mixture B75-1 (about 3.2%),
whereas the reactive aluminate to Portland cement mass ratio is near four times of
mixture B75-1. Thus, the concentration of aluminate ions in mixture B90-1 might be
too high to affect C3S hydration. Such effects could not only delay the time but also
reduce and broaden the intensity of the main hydration peak, as discussed in Section
3.3.3.

Figure 3.21: The time to the main hydration peak (mixtures B0-1, B45-1, B75-1 and B90-1) and reactive aluminate to Portland
cement mass ratio varying with different calcined clay and limestone contents and reactive aluminate dosages (sourced from
calcined clay).

3.5. CONCLUSION
B ASED on the present study, the following conclusions were drawn:

¢ Increasing the content of LP and LGCC can decrease both slump and flowability.
The obtained results of slump and slump-flow tests were feasible for obtaining the
extrudability and buildability of studied mixtures. Increasing VMA% can enhance
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the shape retention property and water retention capacity of fresh mixtures but
affect the corresponding flowability.

By adding the same admixtures (1.5% SP+0.24% VMA), the mixtures containing a
high content of LGCC and LP displayed a low material flow rate at the same tested
time, short extrudability and operation windows, and a strong buildability. Such
effects can be attributed to the reduced WFT of pastes owing to the high SSA of
LGCC.

The mixture with a low material flow rate displayed a relatively high temperature
increase after extrusion. The increase of material temperature induced by the
extrusion process can accelerate the water loss of fresh mixture, consequently
reducing the initial setting time.

By increasing the amount of LGCC and LP in the binder with the same admixture
addition, the initial setting time was decreased, whereas the SSA;,;4; at 1 h and 3
h was increased. The SSA;y:4; evolution may lead to the reduction of WFT and
available PCEs for the dispersion, which appears to govern the stiffness
development.

The dilution effect on hydration and compressive strength was enhanced by the
increase of LP and LGCC content. Due to the weak compressive strength,
mixtures containing more than 75% of LF and LGCC in the binder may not be
suitable to be employed as building materials. With the same addition of
admixtures (1.5% SP+0.24% VMA), increasing the blend amount of LGCC and LP
from 0% to 75% seemed to accelerate the alite hydration, possibly attributed to
the consumption of PCEs induced by the hydrated aluminate products. However,
mixture B90-1 showed an earlier sulfate depletion (before the dormant period)
and a delayed and broad main hydration peak with much lower intensity
compared to others, probably due to the high concentration of aluminate ions.

The 0.5% SP increment (see Mixtures B75-2 and B90-2) led to the increase of
material flow rate, extrudability and operation windows, initial setting time, the
time to the main hydration peak, as well as the reduction of buildability and
SSA;otar at 3 h.
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EFFECT OF VISCOSITY MODIFYING
ADMIXTURE ON FRESH-STATE
BEHAVIORS AND HARDENED
PROPERTIES

In 3D concrete printing (3DCP), it is necessary to meet contradicting rheological
requirements: proper fluidity during pumping and extrusion, and high stability and
viscosity at rest to build the layered structure. A combination of viscosity-modifying
admixture (VMA) and superplasticizer was used for that purpose. In this case,
controlling the competitive effects between VMA and superplasticizer becomes critical.
The main strategy for 3D printing in this study was to add an optimal dosage of VMA in
the solid suspension that was already mixed with water and superplasticizer. A series of
tests was performed to characterize the effects of VMA on fresh-state behaviors, 3D
printability, and hardened properties. Experiments performed in this chapter showed
that the mixture containing 0.24% (of the binder mass) of VMA exhibited satisfactory 3D
printability and optimal mechanical performance.

Parts of this chapter were published in Cement and Concrete Research 132, 106040 (2020) [1].
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4.1. INTRODUCTION

ANY printable mixtures developed earlier [2-6] contained both superplasticizer
M and viscosity-modifying admixture (VMA). Superplasticizer in cementitious
materials could contribute to increasing flowability at a constant solids content for
facilitating the casting, pumping, and extrusion in 3DCP [7]. A small dosage of VMA has
been used to replace the fine content (fly ash, silica fume, or limestone) in
self-compacting concrete [3] in order to enhance cohesion, stability, and viscosity [9].
Previous studies [2, 4, 6] have demonstrated that addition of VMA could significantly
improve the printability of solid suspensions through adjusting the yield stress and
plastic viscosity. As explained by Reiter et al. [10], VMA could enhance flocculation of
cement grains through providing more contacts and bridges between cement particles,
which will promote the evolution of green strength for the deposited layers. VMA can
also ensure extrudability since it reduces water drainage of the cementitious materials
[6, 11].

Hydroxypropyl methylcellulose (HPMC) is one of the most widespread
cellulose-derivative VMAs applied in practice [12]. Many studies have attempted to
utilize a combination of HPMC and superplasticizer to develop printable cementitious
materials [2, 5, 6, 13, 14]. However, most of them overlook the fact that the HPMC could
compete with superplasticizer to adsorb onto cement or other fine particles, thereby
affecting the dispersion of superplasticizer. Besides, the competitive effects between
HPMC and superplasticizer in a suspension may increase the yield stress and apparent
viscosity, which will result in a significant increase in extrusion pressure. This impact
may be suitable for buildability, whereas it adversely affects extrudability. The dosage of
VMA becomes very critical in this context.

This chapter proposes a strategy to utilize the HPMC-based VMA for developing
limestone and calcined clay-based printable cementitious materials, specifically, by
adding an optimal dosage of VMA in the fresh mixture. For developing printable
cementitious materials in the laboratory, a series of tests were conducted to investigate
the effects of VMA dosages on the fresh state behavior of 3DCP, including flowability,
extrudability, open time, buildability, and green strength. Furthermore, the impacts on
the hydration, mechanical performance, and air void content were determined via
isothermal calorimetry, compressive strength (7 days) testing, and X-ray computed
tomography scanning.

4.2. MATERIALS AND METHODS

4.2.1. RAW MATERIALS AND MIX DESIGNS

LL raw materials are the same as presented in Section 3.2.1, Chapter 3. The mix

designs are given in Table 4.1. In the current study, all mixture compositions were
kept identical except the VMA dosage, which varied from 0 to 0.48% by mass of binder.
The binder, which amounted to about 35.5 wt.% of the total mass in all mixtures,
contained 40 wt.% of Portland cement (PC), 40 wt.% of low-grade calcined clay (LGCC)
and 20 wt.% of limestone (LP). The fresh mixtures were prepared using a planetary
mixer (HOBART) by following the procedures given in Table 3.3.
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Table 4.1: Mix designs of cementitious materials (% of the binder mass).

Type PC LGCC LP Sand Water SP VMA

Ref 40 40 20 150 30 2 0
1.2VMA 40 40 20 150 30 2 0.14
2VMA 40 40 20 150 30 2 0.24
4VMA 40 40 20 150 30 2 0.48

4.2.2. FLOWABILITY TEST

The test procedure was the same as in Section 3.2.3, Chapter 3. For each mixture, this
test was performed for each material age from 10 min to 120 min, with intervals of 10
min. The fresh materials were sealed in a plastic bag to prevent evaporation of water.
Three repetitions were conducted for each test.

4.2.3. EVALUATION OF 3D PRINTABILITY

3D printability tests were conducted by the 3DCP setup, which has been introduced by
Section 3.2.2, Chapter 3. A hybrid down- and back-flow nozzle with a rectangle-opening
of 40 x 13.5 mm? was utilized in this study (see Figure 4.1).

Figure 4.1: Schematic section of the hybrid back- and down-flow nozzle.

EXTRUDABILITY TEST

12 L of the fresh mixture were prepared according to Table 3.3 and then poured into the
hopper of the pump. Different material flow rates were applied through the controller of
the pump. The pressures were recorded under different material flow rates. The test was
performed at the material age of 10 min. In this study, the nozzle moving speed was kept
equal with the linear flow rate of the materials (V};,¢4,) that could be calculated through
Eq 3.2.

OPEN TIME TEST
One filament (length: 800 mm and width: 40 mm) was printed at different material ages.
The material flow rate and the nozzle moving speed were kept identical to the speeds of
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the extrudability test. The test started at the resting time of 30 min with a time gap of 10
min, and it was not terminated until the disruption of filament occurred. To ensure that
the fresh mixture remained in the dynamic state, a pre-pumping/shearing session was
designed before printing the filament (see Figure 4.2). Shape retention was checked by
measuring the width of the printed segments using a vernier caliper. The shape retention
ratio (S;) was introduced by Bong et al. [15] as:

Wy

S, =
1 w,

4.1)
where Wy is the measured width of the extruded filament, and W), is the width of the
nozzle opening. The closer the value of S; to 1, the better the shape retention.

Figure 4.2: Stages of a typical trial for printing a single filament.

BUILDABILITY TEST

The assessment of buildability was based on the layer settlement test from Kazemian
et al. [5]. One object containing five stacked layers was printed at a fixed time interval
of about 40 s. The nozzle standoff distance was kept as 0 mm during printing, which
could ensure the same layer thickness of 13.5 mm. The five-layer object was designed
to have 900 mm in length, 40 mm in width, and 67.5 mm in height. The test started
at the material age of 30 min and finished before the end of open time. The printing
speed (material flow rate and nozzle moving speed) was kept the same as the operation
speeds used in extrudability and open time tests. The height of deposited layers (H) was
measured to calculate the shape stability ratio (S») through:

Sp = 7 4.2)

where i denotes the designed height of the five-layer object.

4.2.4. GREEN STRENGTH TEST

The green strength test was performed to determine the strength development within
the first 4 h for the mixtures incorporating VMA. The test procedure was the same as
in studies [16, 17]. The fresh mixtures were prepared and then poured into cylindrical
molds with a 33.5 mm internal diameter and 67.5 mm height. A silicon spray was initially
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used to coat the molds before filling the fresh mortar. All samples were compacted on a
vibration table at a frequency of 30 Hz for 10 s to reduce the amount of air bubbles. The
samples were then stored in a sealed plastic bag and demolded right before the green
strength testing. The servo-hydraulic Instron 8872 machine was used to perform the
green strength tests. Both sides of a sample were covered by a double layer plastic film. In
order to reduce the friction between the sample and base plates, Polytetrafluoroethylene
was sprayed between two layers of plastic. The tests were performed using displacement
control with arate of 0.2 mm/s until reaching the maximum displacement of 20 mm. The
entire test was recorded by a Canon camera model EOS 6D with a Tamron aspherical
28-75 mm lens. Vertical and lateral deformations of each sample were analyzed by a
freeware image analysis software ImageJ. A MATLAB-code was employed to measure the
change of cross-section of the sample. Each mixture was tested at the ages of 30, 45, 60,
90, 150, and 240 min. Three repetitions were conducted for each age.

4.2.5. [SOTHERMAL CALORIMETRY TEST

The test procedure was the same as in Section 3.2.5, Chapter 3.

4.2.6. COMPRESSIVE STRENGTH TEST

The printed samples were sawn from the printed object that was manufactured in the
section of Buildability test. Note that, the fresh mixtures in this study showed low slump
during layer deposition. Thus, the printed filament was wider than the nozzle opening
(40 mm). 40 mm cube specimens were sawn from the 3D printed prisms before
performing the test. Due to the anisotropic mechanical properties of the printed mortar
[18-20], the printed samples were tested in X, Y, and Z direction (see Figure 4.3), and the
average value was calculated through 5 repeated tests in each direction. Thus, for each
mixture, 15 printed samples were prepared and tested in total. The cast samples of
mixture Ref were also prepared and tested. All samples had a dimension of 40 x 40 x 40
mm? and were cured in a fog room (20 + 2 °C, 99% RH). Compressive strength at 7 days
was measured conforming NEN-EN 196-1 [21] at a loading rate of 2.4 kN/s.

4.2.7. X-RAY COMPUTED TOMOGRAPHY SCANNING

X-ray computed tomography (CT) scanning was used to investigate the air void content
and distribution within samples printed using different mixtures. Small cylindrical
samples with a 25 mm diameter and 24 mm height were drilled and sawn from the
printed objects (From top to bottom: the second and third layers were sawn from the
cored sample that contained 5 layers) in the section of buildability test. A Phoenix
Nanotom Micro CT-Scanner was used for scanning. 1441 images were acquired on a
digital GE DXR detector (3072 x 2400 pixels). The theoretical spatial resolution was 13.3
x 13.3 x 13.3 um3/voxel. The reconstruction was performed using the Phoenix Datos|x
software. A cylindrical region of interest (ROI), which was selected at the area of the
two-layer interface, was extracted from the sample for the air void analysis. The
obtained image stack with the top view of the cylindrical ROI was analyzed via
Trainable Weka Segmentation (TWS) from Image] (more information: [22, 23]). The air
voids from each image were isolated and measured.
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Figure 4.3: Schematic diagram of loading directions for performing the compressive strength test on printed samples.

4.3. RESULTS AND DISCUSSION

4.3.1. FLOWABILITY

IGURE 4.4 shows the results of the slump flow test of mixture Ref at different ages

within the first 2 h. It could be recognized that the evident workability loss started
after the resting time of 40 min. Between 50 min and 90 min, the spread diameter could
still reach the value of 300 mm after the table dropped 25 times. However, after 90 min,
a notable reduction in flowability was observed, which was likely due to the C-S-H
bridges between particles forming a percolated rigid network in the material, as
suggested by Roussel et al. [24]. This network of interacting particles is still fragile under
a relatively high shear force. However, the table dropping process may not be able to
supply sufficient shear energy to break all these inter-particle connections [24, 25].

Figure 4.5 provides the results of the slump and slump flow tests at different ages
within the first 2 h. After a specific resting time, increasing the VMA dosage in the
mixture could contribute to retaining the shape and height of the demolded sample.
Mixture 4VMA showed nearly zero-slump (Figure 4.5(a)). All mixtures demonstrated
enhanced shape stability with time. Compared with mixture 1.2VMA, mixture 2VMA
presented slightly better shape retention before the age of 90 min. As shown in Figure
4.5(b), the spread diameter of all mixtures decreases with time. Thus, the workability of
fresh mixtures decreases with increasing the resting time, which could be attributed to
the gradual development of stiffness of the fresh mixture. Mixtures 1.2VMA and 2VMA
demonstrated larger spread diameter at any specific age compared with mixture 4VMA.
The effects on fluidity were not apparent when increasing the dosage of VMA from
0.14% to 0.24%. However, once the VMA content reached 0.48%, the flowability of fresh
mixture was significantly reduced.

4.3.2.3D PRINTABILITY
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Figure 4.4: The slump flow test results of mixture Ref.

@ (b)

Figure 4.5: Flowability test results of mixtures with different VMA contents: (a) Height (before dropping the table) and (b)
Spread diameters (after dropping the table for 25 times) of demolded samples varied with different material ages.
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EXTRUDABILITY

Figure 4.6 shows the results of extrudability tests of mixtures 1.2VMA, 2VMA, and 4VMA.
With the increase of material flow rate, all mixtures lead to a larger extrusion pressure. A
shear-thinning behavior for mixtures 1.2VMA and 2VMA can be recognized. It is
evident that the mixture containing a higher dosage of VMA requires higher extrusion
pressure to reach a similar material flow rate compared to mixtures containing lower
dosages of VMA. A significant difference in extrusion pressure between 4VMA and
2VMA is quite clear. Due to the limitation of extrusion pressure (Maximum: 30 bar),
mixture 4VMA could not be conveyed with more than 0.65 L/min of the material flow
rate. For mixtures 1.2VMA and 2VMA, a material flow rate of 1.45 L/min was selected to
ensure the fresh mixture conveyed stable and consistently without surface ruptures.
The nozzle moving speed was calculated according to Eq 3.2 before performing the
extrudability test. Finally, the nozzle moving speed was selected as 2700 mm/min for
mixtures 1.2VMA and 2VMA and 1200 mm/min for mixture 4VMA.

Figure 4.6: The extrudability test results for mixtures 1.2VMA, 2VMA, and 4VMA. 1 bar = 0.1 MPa.

OPEN TIME

Results of the open time test are presented in Table 4.2 and Figure 4.7. The filaments
extruded at different ages were collected to demonstrate the change of printing quality
with time. The open time for mixture 4VMA with the printing speed V1 (material flow
rate: 0.65 L/min; nozzle moving speed: 1200 mm/min) was found to be 50 min. The
open time of 1.2VMA and 2VMA with the printing speed V), (material flow rate: 1.45
L/min; nozzle moving speed: 2700 mm/min) was found to be 90 min and 70 min,
respectively. Besides, the width changes of the extruded filament with time are given in
Figure 4.8. Shape retention ratios (S;), calculated using Eq 4.1, were employed to
describe the accuracy of printing. Values of S;>1 were observed at a relatively early age
since the fresh mixture showed low slump at the beginning. The extruded filament was
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thus wider than the nozzle opening. When S; approached 1, the extruded filament
presented a nearly accurate dimension. Values of S;<1 were caused by two factors.
First, with the time passing, the material got stuck in the interior walls of the nozzle (see
Figure 4.9), which led to thinner filaments. Second, the rheology of fresh mixtures was
also changing with time due to the particle flocculation and nucleation process. Once
the real material flow rate became much lower than the nozzle moving speed, the width
of the filament was reduced, and disruption occurred.

Table 4.2: Open time of different mixtures.

Mixture  Open time (min)

1.2VMA 90
2VMA 70
4VMA 50

Figure 4.7: Open time test results: (1) Mixture 1.2VMA; (2) Mixture 2VMA; (3) Mixture 4VMA.

BUILDABILITY
Mixtures 1.2VMA, 2VMA, and 4VMA were used to print a five-layer object (see Figure
4.10) with the time interval of 40 s (between two subsequent layers). The test session
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Figure 4.8: Shape retention ratios of mixtures 1.2VMA, 2VMA, and 4VMA at different ages.

started at the material age of 30 min. Figure 4.11 illustrates that shape stability could
be enhanced by increasing the percentage of VMA from 0.14% to 0.48%. Mixture 4VMA
showed the optimal buildability, and the value of S» was close to 0.90. The shape stability
of mixture 2VMA was very close to that of mixture 4VMA and much better than mixture
1.2VMA. The deformation of a sample printed using 1.2VMA was evidently larger than
that of other mixtures. Figure 4.11 also demonstrates that the cross-section of printed
samples of 2VMA and 4VMA had similar bell shapes.

Figure 4.9: The stiff material got stuck in the nozzle during the waiting period of the open time test, which is one of the reasons
to restrict the printed amount.
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Figure 4.10: Buildability tests of mixtures 1.2VMA, 2VMA, and 4VMA.

4.3.3. GREEN STRENGTH

The green strength development within the first 4 h could be used as an indicator of
the proper structural build-up of the mixture. With the help of Image] and a MATLAB
code, the change of the cross-sectional area was recorded. The average strain/true stress
curves of mixtures 1.2VMA, 2VMA, and 4VMA from the age of 30 min to 240 min are
given in Figure 4.12. All curves for the 1.2VMA mixture showed a similar pattern. It has
been observed that the stress linearly increased with the growth of strain until to reach
a certain plateau. For mixtures 2VMA and 4VMA, the samples with younger ages (30
min - 90 min) showed behavior similar to that of the mixture 1.2VMA, whereas older
specimens (150 min - 240 min) showed strain softening after the peak value. Figure 4.13
may explain this phenomenon. The samples with a resting time from 30 min to 90 min
failed with a barreling effect. Distinct cracks could only be observed during testing of
older samples (150 min - 240 min). This is in accordance with the published literature
(3, 16, 26]. In Figure 4.12(d), green strength of each test (defined as the peak stress of
each curve) is plotted. The green strengths of mixtures 2VMA and 4VMA within the first
4 h were quite close and much higher than mixture 1.2VMA. Mixture 4VMA showed a
slightly higher value compared with the mixture 2VMA until the material age of 2.5 h.
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Figure 4.11: Shape stability ratio of mixtures with different VMA contents (measured at 45 min of the resting time).

4.3.4. [SOTHERMAL CALORIMETRY

The normalized heat flow and cumulative heat results are given in Figure 4.14. The
results are plotted up to 7 days (168 h). It was found that the normalized heat flow curve
pattern of mixtures Ref, 1.2VMA, 2VMA, and 4VMA is almost the same in Figure 4.14(a).
All of them showed the main hydration peak after the dormant period, a shoulder
(second peak) that may be attributed to the depletion of sulfate, and a small slope (third
peak) due to the formation of AFm phases [27]. With the increase of VMA dosage: (1)
the reaction speed was slightly reduced in the acceleration stage; (2) the time at which
the main hydration peak occurs was delayed; (3) the intensity of the main hydration
peak was decreased; (4) the intensity of the second peak was decreased, and less impact
was observed on the third peak among mixtures containing VMA. As shown in Figure
4.14(b), the highest cumulative heat was released in mixture Ref, while the addition of
VMA led to a decrease in the cumulative heat released in the first 7 days of hydration.

The impact of cellulose-derivative VMAs on cement hydration has been reported by
[23, 28-30]. It has been found that the cellulose-derivative VMAs have very limited
adsorption capability on anhydrous phases like C3S, thus having less influence on the
growth rate of C-S-H [28]. Many researchers [28, 29, 31] believe that the main reason for
delaying hydration by the cellulose-derivative VMAs is the adsorption onto hydrated
phases, including C-S-H and portlandite. Pourchez et al. [29] explained that the
cellulose-derivative VMAs acts strongly on the C-S-H precipitation by a three-step
process: first, a reduction of the quantity of the initial C-S-H seeds; second, a
retardation to form the C-S-H shell around the C3S; and finally, the formation of a
thicker and permeable C-S-H layer.
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Figure 4.12: (a) The stress/strain curve of mixture 1.2VMA; (b) The stress/strain curve of mixture 2VMA; (c) The stress/strain
curve of mixture 4VMA. The black dashed lines indicate the individual test results, and the red curves represent the average
stress and strain relation. (d) Comparison of green strength development of mixtures 1.2VMA, 2VMA, and 4VMA.

4.3.5. COMPRESSIVE STRENGTH

Figure 4.15(a) shows the extracted areas from the printed objects that were made in the
section of buildability test for preparing 40 x 40 x 40 mm? samples. According to the
test results shown in Figure 4.15(b), printed samples for all mixtures were stronger in
the loading direction Y compared to X and Z directions (see Figure 4.3). Similar
compressive strength results of printed cementitious materials were reported by
[19, 32-34]. The distinct mechanical anisotropy of printed samples might be due to the
weak interface and the printing quality. As explained by Panda et al. [34], the motion
pattern of material in the printing process might be the main reason for the anisotropic
property. The direction Y is the same as the direction of printing. Compared to the
other directions (X and Z), the particles in the Y direction might be better placed and
compacted. Besides, Nerella et al. [18] identified that the compaction due to the layer
weight should also be taken into consideration for the variation of compressive
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Figure 4.13: Damaged samples of mixture 2VMA at different material ages.

strength. Mixture 2VMA showed the best compressive strength at 7 days in three
different directions, compared with mixtures 1.2VMA and 4VMA. However, the mixtures
modified by VMA exhibited lower compressive strength than mixture Ref, which agrees
well with the result of isothermal calorimetry.

4.3.6. AIR VOID CONTENT AND DISTRIBUTION

The grayscale images obtained from CT scanning are shown in Figure 4.16(a). In all
mixtures, the majority of large air voids can be observed in the interface region. 800
images in ROI from top to the bottom of the cylindrical sample were selected to
measure the 2D void content using Image], and the results are given in Figure 4.16(b).
Air voids smaller than 5 pixels were neglected to avoid the effect of measurement noise.
According to Figure 4.16(a), the interface of the sample 1.2VMA in the cross-section
from the front view was of parabolic shape, unlike the relatively straight line in samples
2VMA and 4VMA. This is confirmed by the results presented in Figure 4.16(b). There are
two peak values of sample 1.2VMA, which may be attributed to the weak buildability of
the 1.2VMA mixture. The severe layer deformation that occurred during the printing
process leads to the interface not being on the same horizontal plane. This is also
visible in Figure 4.11.

Compared with samples 2VMA and 4VMA, sample 1.2VMA contained a higher
amount of relatively large air voids at the interface (see Figure 4.16(c)). However,
sample 4VMA showed the highest cumulative void area around the interface. The
number of large voids in sample 4VMA was not comparable with sample 1.2VMA based
on visual inspection, whereas smaller pores were well-distributed in both the interface
and the printed layers. Due to the limits in extrusion pressure, a lower printing speed
was used for printing the sample of mixture 4VMA. The extruded filament of mixture
4VMA could therefore be less compacted than the others. Besides, many air voids
remained and stabilized in the highly viscous cementitious materials during the mixing
process [23, 35]. That could be one of the reasons for the porous structure of the printed
sample of mixture 4VMA in Figure 4.16(a).

Overall, the sample of mixture 2VMA displayed the densest microstructure and the
smallest void content among all studied mixtures, which could explain why mixture
2VMA showed the highest compressive strength at 7 days. However, it should be
clarified that findings reported in this section are only based on one sample for each
mixture. Further study is needed to ensure the accuracy and reliability of the findings.

Considering the retardation of hydration that occurs when using 0.48% of VMA, it
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Figure 4.14: Isothermal calorimetry test results: (a) Normalized heat flow with time, and (b) Normalized cumulative heat with
time.
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(a)

(b)

Figure 4.15: (a) Extracted areas from the printed samples for performing compressive strength tests. (b) Compressive strength
at the age of 7 days.
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(b) (c)

Figure 4.16: (a) The grayscale images of the cross-section from the front view, the interface from the top view, and the layer
from the top view: (1) Sample 1.2VMA; (2) Sample 2VMA; (3) Sample 4VMA. (b) 2D void content (porosity) from top to bottom
of ROI (c) The average air void diameter of the interface and layer.
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might be reasonable to expect that the mixture 4VMA will have the lowest compressive
strength. However, the retardation of cement hydration were also quite evident when
increasing the dosage of VMA from 0.14% to 0.24% (see Figure 4.14(a)). Mixture 2VMA
exhibited higher compressive strength in all directions compared to mixture 1.2VMA.
A similar result was reported by Li et al. [6]. The authors explained that a thin water
layer might be generated on the surface of the extruded filament by using the cement
paste containing 0% or relatively small dosage of VMA. The weak bonding between two
adjacent layers was due to that thin water layer.

The thin water layer could be regarded as one part of the lubrication layer. De
Schutter and Feys [36] explained the formation of lubrication layer for the pumpable
concrete, such as self-compacting concrete. The authors point out that fresh concrete
does not remain homogenous during pumping. Under the driving force, the coarse
aggregate tends to move to the center of the unsheared region/plug-zone, whereas the
cement paste and fine particles with the higher water content migrated to the pipe wall.
For the laminar flow-based printing process, Roussel [37] indicated that only the water
and the fine particles in the lubrication layer were sheared and play a function during
pumping and extruding. The rheology of the unsheared region demonstrated minimal
effects on extrusion but contributed more to the structural build-up process.

The higher dosage of VMA results in higher water retention and less water mobility
in the matrix, which raises difficulties in forming the lubrication layer. Once the
lubrication layer was generated for mixtures containing a higher concentration of VMA,
the formed layer showed very high viscosity, which could be proved by the increased
extrusion pressure [37] (see Figure 4.6). Finally, the lubrication layer remained on the
surface of the extruded filament after deposition (Figure 4.17). Hence, the adhesion
between the two extruded layers was dependent on the rheological properties of the
lubrication layers in the laminar flow based printing. The viscosity of the lubrication
layer could not be too high or too low. The lubrication layer with a low viscosity might
contain a higher water content which could increase the porosity in the interface like
mixture 1.2VMA (see Figure 4.16). However, the opposite situation, such as mixture
4VMA, would lead to the extremely high extrusion pressure and the porous
microstructure in both of the interface and the layer. Overall, the optimal value was
found in the mixture 2VMA in this study:.

4.4. CONCLUSION
T HE following conclusions could be obtained in this study:

* Increasing the VMA dosage from 0.14% to 0.48% of the binder mass could
increase the extrusion pressure, buildability, green strength within the first 2.5 h,
and reduce the flowability and open time.

* Overall, the optimal VMA dosage for 3D printability is 0.24% of the binder mass
(2VMA) in this study. Mixture 2VMA displayed better shape stability, buildability,
and green strength than mixture 1.2VMA. Compared with mixture 4VMA, mixture
2VMA exhibited a more appropriate extrusion pressure, longer open time,
comparable buildability and green strength.
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Figure 4.17: Schematic of the laminar flow based printing (Left). Formation of the lubrication layer in the material hose/pipe
(Middle). Section of two printed layers (Right).

* The addition and increase of VMA dosage in the mixture can retard the cement
hydration. One possible reason is that the VMA might control C-S-H adsorption
and massive portlandite precipitation.

* Anisotropy of the printed samples appears to be critical concerning compressive
strength tests. For all mixtures, printed samples were stronger in the loading
direction Y in comparison with directions X and Z. The mixture with 0.24% of
VMA (2VMA) showed the best compressive strength at 7 days in all three
directions. The effects induced by VMA addition can be attributed to the
following reasons. First, the VMA addition could retard the hydration of the first 7
days. Second, for high viscosity material (4VMA), the air was entrapped and
stabilized in the material during the mixing and printing processes. Third, in the
laminar flow-based printing process, the composition (free water content) of the
lubrication layer influenced the porosity between two layers. Water retention that
was modified by VMA might be a critical factor in this aspect.
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EFFECT OF DIFFERENT GRADE
LEVELS OF CALCINED CLAYS ON
FRESH AND HARDENED
PROPERTIES

This study aims to investigate the influences of different grades of calcined clays on 3D
printability, compressive strength (7 days), and hydration of limestone and calcined
clay-based cementitious materials. Calcined clays that contained various amounts of
metakaolin were achieved by blending low-grade calcined clay (LGCC) and high-grade
calcined clay (HGCC) in three different proportions. The results revealed that increasing
the HGCC% ranging from 0 wt.% to 50 wt.% in calcined clay could: (1) increase the flow
consistency; (2) impressively improve the buildability, and reduce the open time of the
[fresh mixtures; (3) enhance and accelerate the cement hydration. However, increasing
HGCC% led to an increase of air void content in the interface region of the printed
sample, which weakened the compressive strength of the printed sample at 7 days.
Besides, it confirmed that the cold-joint/weak interface was easily formed by using the
fresh mixture with a high structuration rate.

Parts of this chapter were published in Cement and Concrete Composites 114, 103708 (2020) [1].
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5.1. INTRODUCTION

CCORDING to the discussion in Section 2.3.2, Chapter 2, research on

the development of limestone and calcined clay-based cementitious materials for
extrusion-based 3D concrete printing (3DCP) is still at an early stage. Few attempts
have been made to explore the 3D printability of such ternary-blended cementitious
materials by using different grades of calcined clays. Herein, the objective of this study
is to investigate the effects of different grades of calcined clays on the fresh and
hardened properties of such materials in the context of 3DCP. This chapter was
organized into three distinct aspects, the first of which deals with the characterization
of 3D printability. A specific ram extrusion test and Basterfield et al. model [2] were
initially utilized to quantify the extrusion rheology of fresh mixtures. After that, based
on a lab-scale 3DCP setup, open time and buildability were evaluated. Second, the
compressive strength was measured on both mold-cast and printed samples at the
material age of 7 days. Additionally, the air void content and distribution of printed
samples were quantified by using X-ray computed tomography scanning and image
analysis. Third, isothermal calorimetry and thermogravimetric analysis were carried
out for assessing phase assemblages of the resulting materials.

5.2. MATERIALS AND METHODS

5.2.1. RAW MATERIALS AND MIX DESIGNS

Wwo types of calcined clay were used in this work. A low-grade calcined clay (LGCC),

which contained about 50% of metakaolin, was the same as the calcined clay used
in Chapters 3 and 4. The other one, with nearly 95% of metakaolin, was regarded as a
high-grade calcined clay (HGCC) provided by Burgess, USA. Other raw materials,
including Portland cement (PC), limestone powder (LP), viscosity modifying admixture
(VMA), superplasticizer (SP), and sand, were the same as presented in Section 3.2.1,
Chapter 3. Table 5.1 illustrates physical and XRF characteristics of PC, LB, LGCC, and
HGCC.

The XRD (check details in Section 3.2.1, Chapter 3) results for LGCC and HGCC,
reported in Figure 5.1, showed higher amorphous content in HGCC from the presence
of a broad hump in the 260 range of 15° to 30° when compared to LGCC where it ranges
from 20° to 28°. Besides, more crystalline phases, such as quartz (SiO,), mullite (3A1,03
2Si0y) and kaolinite (Al,O3 2SiO, 2H,0), were observed in LGCC. For figuring out the
contents of the reactive SiO, and Al,O3 in HGCC, a chemical dissolution method on the
basis of NEN-EN 192-2 [3] was utilized (check the test procedure in Section 3.2.1,
Chapter 3). The amount of reactive SiO; and Al,Os is given in Table 5.2. The molar mass
ratios of Si/Al in the reactive part of LGCC and HGCC were 0.33 and 0.74, respectively.
The gradings of all dry components were presented in Figure 5.2. HGCC was the finest
powder with an average particle size (D,50) of 3.75 um. The morphological properties
of LGCC and HGCC were reported in Figure 5.3. For both LGCC and HGCC, the thin
layered, irregular flaky morphology was observed.

Table 5.3 shows the specific proportions of the different mixtures studied in this
chapter. The binder of mixtures LCC, MCC and HCC was a blend of three primary
materials, i.e., 40 wt.% of Portland cement (PC), 20 wt.% of limestone powder (LP), and
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Table 5.1: Physical characteristics and oxide composition from XRF of dry components in binders.

PC LP LGCC HGCC
Density [g/cm3]  3.120 2.646 2512  2.134

SSA [m?/g] 116 122 10.06 12.60
D50 [um] 1486 2419 6935 3.75
XRF [wt.%]

Ca0 68.7 396 06 0
Si0y 174 02 55.1 47.3
Al,03 4.1 0 384 506
Fe03 2.8 0.1 2.6 05
K20 0.6 0 0.2 0.2
TiO 0.3 0 1.1 1.3
710 0 0 0.1 0
Other 6.1 60.1 1.9 0.1
Total 100.0 100.0 100.0  100.0

Table 5.2: Reactive content of two different calcined clays (LGCC and HGCC).

Components LR. Reactive Content  Reactive SiO» Reactive Al»Og Other Reactive Phases

(wt. %)
LGCC 51.2 48.8 12.3 32.0 4.5
HGCC 249 75.1 34.6 39.9 0.6

40 wt.% of calcined clay. In addition to mixture LCC, another two mixtures were
prepared by replacing 25 wt.% and 50 wt.% of LGCC with HGCC to simulate the calcined
clay with about 61.3 wt.% and 72.5 wt.% of metakaolin, respectively. Mixture REF
containing 0 wt.% of calcined clay was used as a reference to investigate the effects of
calcined clay on cement hydration and compressive strength of mold-cast samples. The
fresh mixtures were prepared by following the mixing protocol in Table 3.3, Chapter 3.

The influence of filler additions on the total specific surface area (SSA) of solid
(SSA¢o¢a1) of the binder system is calculated through:

McemSSAcEM + Mother SSAother

SSA = 5.1
total MCEM+ Mather 6D

where Mcgy and M., are the mass percentages of PC and other fines (LB, LGCC,
HGCC) in the binder. SSAcgy and SSA,:ner mean the specific surface areas of PC and
other fines (LB, LGCC, HGCC) in the binder. The solid volume fraction (¢) of such
binding materials can be computed by using Eq 5.2.

w
1+pb_

-1
pr) (5.2)

p=(
where pj and p,, stand for the density of binder and water, respectively. B and W mean
the unit of weight of binder and water. Table 5.4 presents SSA;;q; and ¢ results of
different binders in this chapter.

5.2.2. RAM EXTRUSION TEST
A ram extruder (see Figure 5.4), which consisted of a barrel, a piston, a stand, and an
orifice, was assembled in a servo-hydraulic Instron 8872 machine. The piston was
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Table 5.3: Mix designs of cementitious materials prepared in this study (% of the binder mass).

Mixture PC LGCC HGCC LP Sand Water SP VMA

REF 40 0 0 60 150 30 2 0.24
LCC 40 40 0 20 150 30 2 0.24
MCC 40 30 10 20 150 30 2 0.24
HCC 40 20 20 20 150 30 2 0.24

Figure 5.1: XRD patterns (Cu-Ka radiation) of LGCC and HGCC. Q-quartz (SiO2), M-mullite (3Al» O3 2SiO>), and K-kaolinite
(Al 03 2Si02 2H50).

connected to a 10 kN load cell that could measure the total extrusion force. Before the
test, the barrel was filled with the fresh mixture. Care was taken to ensure a minimum
content of entrapped air during the barrel filling process. Afterwards, the piston was
operated with different speeds to extrude the fresh mixture through the orifice. All
mixtures were tested at a material age of 15 + 2 min. A typical trial of the ram extrusion
test is shown in Figure 5.4(c). The pre-test consists of a piston displacement from 0 to
29.5 mm. Two speeds (1 mm/s and 2 mm/s) were used in the pre-test stage. Within the
piston displacement between 29.5 mm and 43 mm, 12 different piston speeds (Vp) were
employed (for each test, only one speed was used), and the material flow rates (V) at
the orifice were calculated by:

=2y (5.3)

where Dy and D represent the diameter of the barrel and die, respectively. The computed
results were presented in Table 5.5. Based on the collected extrusion forces, the upstream
extrusion pressures were determined through:

pP= 4F (5.4)
D2 '
where P and F stand for the extrusion pressure and the extrusion force, respectively,
under one predefined piston speed.
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Figure 5.2: The particle size distribution of PC, LGCC, HGCC, LP and sand. The grain size of sand was measured by using a
sieving machine. All other dry components were determined by laser diffractometry.

The analytical relationship between the material flow rate and ram extrusion
pressure at the orifice was given by Basterfield et al. [2] (see Eq 2.6). As suggested by
[2, 4], 45 degree was selected as the value of 6,,,,. Since the fresh cementitious
materials also followed the Von-Mises criterion [5], the shear yield stress (7¢) could be
obtained by Eq 2.7.

5.2.3. 3D PRINTING TEST

OPEN TIME TEST

The open time test was almost the same as described in Section 4.2.3, Chapter 4. Two
differences were summarized as follows: (1) The test started at the resting time of 20
min; (2) A pre-pumping session of 5 min was arranged before printing the filament.

Figure 5.3: Electron micrographs (secondary electron mode) of LGCC (Left) and HGCC (Right).
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(b)
(@)

(c)

Figure 5.4: (a) Schematic drawing of the ram extruder; (b) Diagram of the orifice entrance flow region in a spherical coordinate
system, according to [2, 4]; (c) A typical trial of the ram extrusion test - predefined piston moving speed vs. displacement.
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Table 5.4: SSA; ;41 and ¢ of different binders.

REF LCC MCC HCC
SSA;prq [M2/g] 1196 4732  4.986 5240
0542 0548 0552  0.557

Table 5.5: Piston moving velocity Vp and material flow velocity V at the orifice.

Vo [mm/s]  V [mm/s]
0.10 0.90
0.25 2.25
0.50 4.50
0.75 6.75
1.00 9.00
1.25 11.25
1.50 13.50
1.75 15.75
2.00 18.00
2.25 20.25
2.50 22.50
2.75 24.75

BUILDABILITY TEST

Two methods were employed to evaluate the buildability of the different mixtures. The
test parameters of both methods were summarized in Table 5.6. Method 1 is quite similar
to the buildability test that was proposed by Nerella et al. [6]. The test started at the
material age of 20 min. A wall was designed to stack 21 layers. Nozzle 1 (see Figure
4.1) was employed for Method 1. For each layer, there was only one filament (designed
dimension: 900 mm length, 40 mm width, and 13.5 mm height). The process of Method
1 is schematized in Figure 5.5(a). The fresh mixture was deposited from position A to
B at a constant printing speed of 2820 mm/min. Once the nozzle reached position B
(one filament was finished), the printing work was paused. The nozzle was programmed
to be lifted at a maximum height of 285 mm and then to move to Position A. The time
gap between two layers was set as 30 s. Method 2 employed nozzle 2 (see Figure 3.4(b))
to print a designed object with a non-stop printing process (Figure 5.5(b)). The path
length of each layer was 4200 mm. The height of the nozzle was increased to 8.5 mm
each time at the start position C. The time interval between two subsequent layers was
57 s. In comparison to Method 1, a faster printing speed (4500 mm/min) was utilized
in Method 2. During the test process (both methods 1 and 2), the height of the printed
object was measured and recorded continuously. The test may be terminated earlier
(before finishing the printing work) due to collapse by buckling.

5.2.4. COMPRESSIVE STRENGTH TEST

Printed prisms that contained 4 stacked layers (Length: 800 mm; Width: 42-44 mm;
Height: 50-54 mm) were manufactured using the 3DCP setup (nozzle 1). The nozzle
moving speed and the material flow rate were fixed at 2100 mm/min and 1.2 L/min,
respectively. The time interval between two adjacent layers was 2 min. The compressive
strength of printed samples was tested along with three loading directions: X, Y, and Z
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(a)

(b)

Figure 5.5: Schematic diagram of buildability test: (a) Method 1 (by using nozzle 1); (b) Method 2 (by using nozzle 2).
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Table 5.6: Printing parameters for buildability test.

Method1  Method 2

Nozzle type Nozzle 1 Nozzle 2
Nozzle opening [mm] 40 x 13.5 215
Layer thickness [mm] 13.5 8.5
Nozzle moving speed [mm/min] 2820 4500
Path length for each layer [mm)] 900 4200
Material flow rate [L/min] 1.5 0.9
Time interval [s] 30 57
Designed layer number 21 18
Designed structure height [mm] 283.5 153

Test start time [material age: min] 20 20

(see Figure 4.3). For each mixture and each direction, three samples were prepared and
tested. Besides, to determine the influence of the printing process on compressive
strength, 40 x 40 x 40 mm3 mold-cast specimens were also prepared. The curing
conditions and test procedure were kept the same as described in Section 4.2.6,
Chapter 4.

5.2.5. AIR VOID ANALYSIS

The air void content and distribution of printed specimens were determined using
X-ray computed tomography (CT) scanning and image analysis through the
open-source software Image]. Cylindrical samples (25 mm diameter and 24 mm height)
were drilled and sawn from the upmost two layers of 3D printed beams, manufactured
in the section of compressive strength test. The CT scanning, image segmentation, and
analysis processes were kept the same as described in Section 4.2.7, Chapter 4. The
obtained image resolution was 13.3 pm per pixel.

5.2.6. ISOTHERMAL CALORIMETRY TEST AND THERMOGRAVIMETRIC
ANALYSIS

The isothermal calorimetry test procedure was the same as described in Section 3.2.5,
Chapter 3. The paste mixtures from the isothermal calorimetry test were also used for the
thermogravimetric analysis (TGA). The cast cylindrical specimens (33.5 mm diameter
and 67.5 mm height) were stored at the fog room with the curing conditions (20 + 2
°C, above 99% RH) up to the time of testing. A three-step procedure, as described by
Lothenbach et al. [7], was used for powder sample preparation:

e First, crushing and grinding the sample in isopropanol solvent for about 10-15
min.

* Second, filtrating the suspension by using a Biichner funnel and an aspirator
pump (the size of filter paper was 8 um), followed by washing the solid with
diethylene ether to remove the isopropanol.

* Third, drying the powder for about 8 min in a 40 °C aerated oven. The samples
were stored in a light vacuum desiccator and tested within 3 days.
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TGA was employed to quantify the hydrate water (H) and calcium hydroxide (CH)
of different mixtures at the ages of 1, 2, 3, and 7 days. Netzsch STA 449 F3 Jupiter was
utilized for the test. For each mixture, about 50 mg of paste sample that was placed in
an alumina crucible was heated from 40 to 900 °C with a heating rate of 10 °C/min and
under an argon environment with a flow rate of 30 ml/min.

5.3. RESULTS

5.3.1. RAM EXTRUSION RHEOLOGY

IGURE 5.6(a) presents an example of the extrusion force concerning piston

displacement. A pre-test zone (displacement: 0-29.5 mm) was utilized to compact
the fresh mixture and transfer the material status from a static state to a dynamic state,
which has been explained in [8]. It could be noticed that the piston started to touch the
fresh mixture at a displacement of about 11 mm. During the displacement from 11 mm
to 16 mm (piston speed: 1 mm/s), an unstable curve pattern was observed due to the
existence of air bubbles and the thixotropy of the fresh mixture. The curve becomes
relatively stable at the end of the pre-test zone under the piston speed of 2 mm/s.
Afterwards, the piston was driven under a predefined speed (see Table 5.5). Relatively
flat curves could be found in the test zone. The average upstream extrusion pressure
was calculated using Eq 5.4.

Through applying the non-linear least squares regression analysis in the Originlab,
Basterfield et al. model (Eq 2.6) was fitted to the test results. Both the experimental and
fitted results are plotted in Figure 5.6(b). The correlation between test results and
Basterfield et al. model was nearly perfect since the R-squared value of three fitted
curves was about 0.99 in all cases. The rheological parameters, namely, oy, k, and n,
were determined as well. The shear yield stress of the fresh mixtures was calculated
according to Eq 2.7. Figure 5.6(c) reports the obtained shear yield stress and flow
consistency. Increasing the HGCC content resulted in increased flow consistency in the
fresh mixture. Mixture HCC exhibited the highest shear yield stress. However, there was
no apparent difference between mixtures LCC and MCC in shear yield stress.

5.3.2. EVALUATION OF 3D PRINTABILITY

OPEN TIME

In this study, by using 2820 mm/min of the printing speed (material flow rate: 1.5 L/min),
the open time of mixtures LCC, MCC, and HCC was noted as 80 min, 70 min, and 30
min, respectively. The open time of fresh mixtures was reduced by increasing the HGCC
substitution (Figure 5.7).

BUILDABILITY

Method 1

Figure 5.8 presents the buildability test results by using Method 1. In this test, only
mixture HCC could be used to stack 21 layers vertically without collapse. Using
mixtures LCC and MCC, the printed structure could only maintain its shape until the
10" and 11" layers, respectively. The height of printed structures before the structure
was finished or before failure was recorded and plotted in Figure 5.8(b). Increasing the
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Figure 5.6: (a) A typical plot of the ram extrusion test; (b) Experimental results of extrusion pressure with different material
flow rates at the orifice and fitted curves via using Basterfield et al. model (Eq 2.6); (c) Computed rheological parameters: shear
yield stress 7, and flow consistency k of mixtures LCC, MCC, and HCC.
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Figure 5.7: Open time various with the HGCC substitution in calcined clay.

HGCC content could significantly improve the buildability of fresh mixture. As shown
in Figure 5.9, the final collapse was induced by misalignment of the printing path. Two
reasons may lead to the instability of printed structures. First, the deformation of the
bottom layers gradually increased the nozzle standoff distance, which resulted in the
inaccurate layer deposition. As shown in Figure 5.8(a), the 1% layer of the printed
structure was severely compressed. Compared with mixture LCC, the 1% layer of the
printed wall showed better shape stability by using mixtures MCC and HCC. Second,
since the nozzle could not stop printing immediately after finishing one filament, it was
required to remove the excess materials manually. Thus, both sides of each filament
displayed uncontrolled shapes and positions in Figure 5.9. For mixtures LCC and MCC,
elastic buckling failure always started from one side to the other of the printed structure
(Figure 5.9). However, these constraints did not severely influence the printing process
of mixture HCC. Through using Method 1, the difference in buildability between
mixtures MCC and LCC was not clear.

Method 2
Figure 5.10 illustrates the maximum stacked-layer number and the corresponding
height of the printed structure for different mixtures. As shown in Figures 5.10(a) and
5.12, the layer thickness is increased from the bottom to the top of the printed structure,
especially mixtures LCC and MCC. Only mixture HCC could reach the designed layer
number without collapse, and showed relatively even layer thickness. In comparison
with Method 1, the boundary condition of the printed layer in Method 2 was more
stable. The difference between mixtures LCC and MCC on buildability performance
could be indicated.

Overall, the buckling failure of the printed structure may be mainly attributed to the
unstable layer deposition, which was induced by the increase of nozzle standoff
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Figure 5.8: Buildability test results of Method 1: (a) Buildability performance of mixtures LCC, MCC, and HCC; (b) Height and
layer number of the printed object by using different mixtures (mixtures LCC and MCC: data recorded before collapse; mixture
HCC: data recorded after the 21°¢ layer).
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Figure 5.9: Method 1-possible reasons for collapse of the rising structure.

distance (Figures 5.9 and 5.11), and the reduction of layer contacted area (Figure 5.12).
In Method 1, each layer was dropped onto the substrate via a hybrid down- and
back-flow nozzle with a rectangle opening (nozzle 1). The contact area between layers
was quite stable and constant (Figure 5.12). Since a down-flow nozzle with a round
opening (nozzle 2) was employed in Method 2, the new layer was deposited on the
substrate through a squeezed and compressed forming process. As mentioned in
Section 3.3.2, Chapter 3, the substrate needed to sustain not only the load from the
weight of the new layer but also the force from the nozzle. However, this force was not
constant during the printing process. It was decreased due to the increase of nozzle
standoff distance. The contact area between layers, as well as layer thickness, became
more uncontrollable for mixtures with weak buildability as resulting from Method 2.

5.3.3. COMPRESSIVE STRENGTH

Figure 5.13 shows the compressive strength of mold-cast and 3D printed samples
(except for mixture REF) at 7 days. For cast samples, mixtures containing calcined clay
exhibited a much higher compressive strength than mixture REE Increasing HGCC% in
calcined clay improved the compressive strength of cast samples (7 days). The
increment of strength between mixtures MCC and HCC was limited. Anisotropic
properties were observed for the printed specimens. According to the experimental
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Figure 5.10: Buildability test results of Method 2: (a) Buildability performance of mixtures LCC, MCC, and HCC; (b) Height and
layer number of the printed object by using different mixtures (mixtures LCC and MCC: the maximum height before collapse;
mixture HCC: data recorded after the 18" layer).
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Figure 5.11: Method 2-possible reasons for collapse of the rising structure.

results, it could be found that the printed specimens displayed the highest compressive
strength in loading direction Y in comparison with directions Z and X. The possible
reasons have been discussed in [9-12] (see Section 4.3.5, Chapter 4). For mixtures LCC
and MCC, the printed samples were stronger than cast samples in all test directions.
However, printed samples of mixture HCC had lower compressive strength than its cast
samples except for loading direction Y. For printed samples, mixture MCC exhibited the
optimal compressive strength at 7 days. In loading directions Y and Z, mixture LCC
showed higher strength than mixture HCC.

5.3.4. AIR VOID CONTENT AND DISTRIBUTION

An ROI of 13 mm in height and 25 mm in diameter were obtained in each cylindrical
sample. After performing image analysis via Image], the 2D air void content, and the
average air void diameter of each slice are computed and plotted in Figures 5.14(a) and
5.14(b). Based on the results of image analysis in Figure 5.14, for each sample, the
interface region could be defined as the region in the height of 5-8 mm due to the
relatively higher air void content. The regions of 0-5 mm and 8-13 mm in height could
be regarded as the layer area. Figures 5.14(a) and 5.14(b) showed massive air voids with
large diameters in the interface region (especially 6-7.5 mm in height) for samples HCC
and MCC. Nevertheless, it was relatively difficult to distinguish the interface visually in
sample LCC. Compared to samples MCC and HCC, the distribution of air voids in
sample LCC was more homogeneous (please also check Figure 5.15). As shown in
Figure 5.14(c), increasing HGCC% in calcined clay could significantly increase the
maximum value of air void content in the interface region. Furthermore, it led to a
slight increase in average air void content in both interface and layer regions.
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Figure 5.12: Cross-sections of printed samples by using nozzle 1 (Left) and nozzle 2 (Right). The dashed line represents the
contact area between two adjacent layers.

5.3.5. HYDRATION KINETICS

Isothermal calorimetry

Figure 5.16 shows both heat flow and cumulative heat results of all studied mixtures. In
Figure 5.16(a), for all curves, the first peak can be attributed to the heat released from
the particle wetting, the initial dissolution of the dry components, and the formation of
ettringite at an early age [13]. A dormant period was observed, followed by an
acceleration period and by the main hydration peak (I). With the absence of calcined
clay, mixture REF had the longest dormant time of 12 h and took near 38 h to reach the
main hydration peak, for which the heat flow resulted in the lowest among the studied
mixtures. For mixtures LCC, MCC, and HCC, the increase of HGCC content in calcined
clay results in, (1) a reduction in the dormant period; (2) a shift of the main hydration
peak to the early age; (3) an increase in the intensity of the main hydration peak. Among
them, mixture HCC showed the highest chemical reactivity.

After the main hydration peak, a small shoulder (II), which was not present in
mixture REE was observed in the curves of mixtures LCC, MCC, and HCC. According to
[14-17], peak (II) may be referred to as the aluminate peak. Around 36 h after the
aluminate peak, a lower but broader peak (III) appeared in the curve of mixtures HCC,
MCC, and LCC. The appeared time and intensity of peak (III) were also dependent on
the HGCC content in calcined clay. The formation of the AFm phases, which could be
attributed to the pozzolanic reaction of metakaolin with the relatively high
concentration of CH in the pore solution [18], may be the reason for the appearance of
peak (IIT). As shown in Figure 5.16(b), very low cumulative heat was released in mixture
REE while the addition of calcined clay led to a distinct increase in the cumulative heat
of 7 days. For mixtures LCC, MCC, and HCC, it was evident that increasing the dosage of
HGCC could significantly increase the total heat emission. Nevertheless, mixtures HCC
and MCC showed very close results of the cumulative heat at 7 days.

Quantification of hydrate water and calcium hydroxide
Thermogravimetric (TG) curves of different mixtures at 1, 2, 3, and 7 days of curing are
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Figure 5.13: Compressive strength of both cast and printed samples from different mixtures at the age of 7 days. For test
directions X, Y, and Z, the reader is referred to Figure 4.3.

illustrated in Figure 5.17(a). To identify the boundaries of different phases or groups of
phases, derivative thermogravimetric (DTG) curves are plotted in Figure 5.17(a)
according to TG results. The mass loss during the temperature between 40 °C and 600
°C was regarded as hydrate water (H) [7]. As mentioned by [7, 19], calcium hydroxide
(CH) decomposes to calcium oxide and water between 400 °C and 500 °C. For all
mixtures in this study, the breakdown of the CH phase ranged between about 420 °C
and 500 °C, which can be seen in Figure 5.17(a). Peaks above 600 °C are due to the
decarbonization of calcite, which is originated from the limestone filler in mixtures and
the formed carbonation of CH during the curing time [20]. Therefore, the normalized
amount of H and CH were expressed as a percentage of the dry sample weight at 600 °C:
Miygec — Meooec

Wim, o1 = W % 100(%) (5.5)

and
My20°c — Mso0°C . Mica©om,]

Meoooc M{H,0]

Wicaoom), = x 100(%) (5.6)

Wim,01, and Wicaoom), are the mass percentages of H and CH in mixtures,
respectively; Mygec, Ma2ooc, Msooec and Mgggec represent the TG results at 40 °C, 420 °C,
500 °C, and 600 °C, respectively; mcq0H),) and mg,0) stand for the molar masses of
CH (74 g/mol) and water (18 g/mol), respectively. The computed results are
summarized in Table 5.7.

The H and CH contents are illustrated in Figures 5.17(b) and 5.17(c). More hydrate
water content has been found in mixtures containing calcined clay in comparison with
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Figure 5.14: (a) 2D air void content analysis; (b) Average air void diameter analysis; (c) Air void content in the interface and
layer zones; Interface zone: 5-8 mm in height of the sample. Layer zone: 0-5 mm and 8-13 mm in height of the sample.



5. EFFECT OF DIFFERENT GRADE LEVELS OF CALCINED CLAYS ON FRESH AND HARDENED
144 PROPERTIES

Figure 5.15: Grayscale images of different samples acquired from CT scanning.

mixture REF within the first 7 days. Replacing part of LGCC by HGCC increased the H
amount after 3 days of hydration slightly. At 7 days, mixtures LCC, MCC, and HCC
showed similar contents of hydrate water. In comparison with mixture REE mixtures
containing calcined clay showed a much higher amount of CH on the first day of
hydration. Increasing HGCC content may contribute to accelerating hydration in the
first day. The CH percentage of mixtures LCC, MCC, and HCC kept an increasing trend
within the first two days. Afterwards, a significant reduction in the amount of CH was
observed until the material age of 7 days. The mixture with a higher HGCC% in calcined
clay demonstrated a higher reduction of CH content. Mixture HCC had the lowest CH
content already from the second day. However, mixture REF exhibited a much more
amount of CH from the second day in contrast to the mixtures containing calcined clay.
As mentioned earlier, the consumption of CH could be due to the pozzolanic reaction,
which was also indicated as the AFm peak (peak III) in Figure 5.17(a). Since this
reaction is still under investigation, it was not discussed further in this chapter.

5.4. DISCUSSION

5.4.1. EFFECT OF INCREASING HGCC CONTENT ON 3D PRINTABILITY

In this study, both the average grain size (D,59) and SSA of LGCC are much larger than
PC and LP. Partially replacing the content of LP by LGCC resulted in increased SSA;¢¢q;
of the mixture (Table 5.4). HGCC showed a slightly higher SSA than LGCC and much
finer grain size when compared to other dry components (LB, PC, and LGCC). According
to [21-23], at a similar water-to-solid ratio, the mean distance between the surface of
particles (9) could be expressed as:

5= dSSA(((pi)‘% -1 (5.7)

m
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Figure 5.16: Isothermal calorimetry test results of (a) Normalized heat flow with time (4 days). (I)-main hydration peak, (II)-
aluminate peak, (III)-AFm reaction peak; and (b) Normalized cumulative heat with time (7 days).
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(b) (0

Figure 5.17: TGA at 1, 2, 3, and 7 days: (a) A typical example of TG and DTG curves (mixture HCC); (b) The normalized amount
of hydrate water (H) relative to the dry sample weight at 600 °C; (c) The normalized amount of calcium hydroxide (CH) relative
to the dry sample weight at 600 °C.



5.4. DISCUSSION 147

Table 5.7: TG test results-the normalized amount of calcium hydroxide (CH) and hydrate water (H) at 1, 2, 3, and 7 days.

Mixture Time H CH
[days]  [wt.%]  [wt.%]

REF 1 4.31 2.91
2 8.03 7.18

3 9.03 8.31

7 10.77 8.77

LCC 1 6.01 4.31
2 9.58 6.13

3 11.16 6.25

7 12.90 5.10

MCC 1 6.83 441
2 9.67 5.93

3 11.25 5.94

7 13.14 4.52

HCC 1 7.99 5.02
2 10.40 5.56

3 12.02 5.46

7 13.30 4.21

6
dssp = ————— (5.8)

SSAtotal ¥ P

where dgs4 represents the average diameter from the specific surface area, and p is the
density of the binder mixture. ¢ and ¢, stand for the solid volume fraction and the
maximal packing fraction of solid, respectively. ¢, is not a well-defined parameter that
depends on both the spatial distribution of particles and flow history [24]. As suggested
in Berodier and Scrivener [21], ¢b,, can be calculated via the model proposed by Hu and
de Larrard [25].

Amin )0.19

b¢m=1- 0.45(d (5.9

max

where d;in, and dpqx denote the minimum and maximum particle diameters in the
mixture. Note that, according to Roussel et al. [23], the obtained result via Eq 5.9 may
overestimate the value of ¢,,. As suggested in [21, 23, 24], ¢, is assumed as 0.64 for
cementitious pastes. Thus, 0.64 was used as the value of ¢, in the case of the computed
value via Eq 5.9 is larger than 0.64. The effect of admixtures and aggregate on mean
interparticle distance was not taken into consideration in this study. Figure 5.18(a)
indicates that increasing the SSA;:q; could significantly decrease the average
interparticle distance.

The partial replacement of LGCC by HGCC in this study could change not only the
chemical composition (metakaolin content), but also the physical properties of the
binder, i.e., total SSA of solid, and mean interparticle distance (see Figure 5.18(a)). Since
the ram extrusion test was performed at the material age of 15 min, the physical
properties of the powder skeleton may dominate the extrusion rheology of fresh
mixture at a constant water-to-binder ratio. An inversely proportional correlation
between the mean interparticle distance and flow consistency of the fresh mixture was
illustrated in Figure 5.18(b). The shear between particles was increased as the
interparticle distance diminished [21]. As mentioned by Yahia et al. [26], the increase of
interparticle friction induced by the increase of solid to solid contact can be one reason
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for the increase of viscosity. Figure 5.18(b) also shows the relationship between mean
particle distance and shear yield stress of fresh mixtures. It seemed that the shear yield
stress rarely increased until the mean interparticle distance was smaller than a critical
value. To my knowledge, the reason associated with this phenomenon is still not clear.

The open time under the printing speed of 2820 mm/min was reduced by
increasing HGCC% in calcined clay. In this study, the fresh mixture was not printed
continuously during the test, and there was a time interval (5 min) between two
subsequent printing sessions. From a microscale view, cement particles may
experience flocculation, and nucleation during the time interval. Non-reversible
hydrate bonds may have been formed between particles, which could still be broken
under the effect of sufficient external remixing or shearing force [27, 28]. Thus, it is
feasible to print the fresh mixture after a short pre-pumping session (5 min) at an
earlier age. Nevertheless, the chemical bonds between particles could be rebuilt again
at rest [27]. A fixed remixing or shearing force from the printing system seemed
insufficient to destroy all the interparticle connections with time passing. Eventually,
the significant workability loss led to the termination of the test.

According to [29, 30], the buildability was dominated by the structural build-up
behavior of fresh mixture at rest at a series of constant printing parameters (printing
speed, time interval, printing setup, and the geometry of the printing path). From a
macroscopic observation, increasing the HGCC content in calcined clay could enhance
the buildability of fresh mixture, which indicated the increase of structural build-up at
rest. Blending HGCC in the mixture may contribute to the enhancement of particle
flocculation and increased water adsorption induced by physical characteristics of
HGCC particles, i.e., the fine grain size, high specific surface area, and layered structure
[31]. However, the obtained results in this study are still insufficient to explain this
phenomenon.

5.4.2. EFFECT OF INCREASING HGCC CONTENT ON HYDRATION KINETICS

Adding calcined clay in mixtures could significantly accelerate the cement hydration
(Figure 5.16(a)), and increase the content of hydration products (CH and H) after the
first day (Figures 5.17(b) and 5.17(c)). For mixtures containing calcined clay, 1-day
hydration was also accelerated by increasing the HGCC content. The filler effect
induced by calcined clay may play the dominant role during the first day of hydration.
Increasing HGCC% in calcined clay seemed to promote its filler effect further. Berodier
and Scrivener [21] reported that the interparticle distance was the most critical factor in
influencing the reaction rate of C3S hydration. The relationship between the slope of
the acceleration period of the main peak and the mean interparticle distance of
different binder systems is presented in Figure 5.19. The acceleration rate of the main
hydration peak was obtained according to [32, 33]. Figure 5.19 indicates that the
acceleration rate was increased by reducing the average interparticle distance, which
agreed with the findings from [21].
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Figure 5.18: Relationship between: (a) Mean interparticle distance and total SSA of solid; (b) Mean interparticle distance and
shear yield stress as well as flow consistency obtained in ram extrusion test.
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Figure 5.19: Slope value of the acceleration period as a function of the mean interparticle distance.

5.4.3. EFFECT OF INCREASING HGCC CONTENT ON COMPRESSIVE
STRENGTH

The compressive strength at 7 days was measured on both mold-cast and printed
samples. According to the test results from [18], increasing the metakaolin content in
calcined clay could increase the 7 days compressive strength of LC3-50 system mortar.
The test results of cast samples in this chapter confirmed these findings. In this study,
the only difference for different mixtures is the calcined clay composition. Here I
assumed that the air void content and distribution of cast samples were similar among
different mixtures. Thus, the compressive strength of cast samples might mainly rely on
the hydration of cementitious materials. Positive correlations were obtained between
compressive strength of cast samples and normalized cumulative heat (mixtures HCC
and MCC showed very close results), as well as the hydrate water content at 7 days in
Figure 5.20.

However, these correlations could not be formulated for the compressive strength of
printed samples. The printed sample of mixture HCC showed the weakest compressive
strength at 7 days (see Figure 5.13). Generally, for quasi-brittle materials, the increment
of porosity could lead to a proportional reduction of strength [34]. Macropores,
especially air voids, may dominate the mechanical performance of printed concrete. In
this study, mixture HCC showed the weakest compressive strength, which may be
attributed to the highest air void content at the interface (maximum value, see Figure
5.14) of its printed sample.

The possible reasons why the mixtures containing HGCC showed large and more
air voids in the interface zone were summarized as follows. First, according to [27, 30],
for the same time interval and printing environment conditions (ambient temperature
and relative humidity), the cold-joint/weaker interface could be easily formed by using
a fresh mixture with a high thixotropy/structuration rate. Thus, in this context, the high



5.4. DISCUSSION 151

(a)

(b)

Figure 5.20: The linear relationship between: (a) 7 days compressive strength and normalized cumulative heat at 7 days
(excluding any heat within the first 12 h after mixing) obtained from isothermal calorimetry test; (b) 7 days compressive
strength and hydrate water (H) content at 7 days obtained from TGA.
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air void content between layers could be attributed to the high structuration rate of the
fresh mixture. Second, in the case of mixtures containing HGCC (mixtures MCC and
HCC), after the top layer deposition, the deformation of the substrate was smaller than
that of mixture LCC due to the fast growth of material stiffness (as indicated by the high
buildability). This may be attributed to the fast particle flocculation and accelerated
surface drying process induced by HGCC. Consequently, many unfilled areas were kept
forming large air voids between two subsequent layers, as shown in Figure 5.15.

However, in comparison to mixture LCC, the printed sample of mixture MCC
exhibited stronger compressive strength, even containing a higher content of air voids
at the interface region (see Figure 5.14). Therefore, the compressive strength of printed
concrete should rely on both the hydration degree of cementitious materials and the air
void content at the interface region.

5.5. CONCLUSION

T HE results yielded from this study indicated the considerable effects of different
grades of calcined clays on 3D printability, compressive strength, and hydration of
limestone and calcined clay-based cementitious materials. = The findings are
summarized as follows:

 For the ram extrusion rheology, an excellent correlation between experimental
results and Basterfield et al. model was obtained. Increasing HGCC% in calcined
clay could modify not only the metakaolin content, but also the physical property
of the fresh mixture, i.e., the increase of total specific surface area, and decrease of
mean interparticle distance, which may be the primary reason for the increase of
flow consistency of the fresh mixture. A steeper increase of shear yield stress was
found between mixtures MCC and HCC, whereas mixture LCC showed a very
close value to that of mixture MCC.

* By increasing the HGCC content, the buildability of fresh mixture was noticeably
improved, whereas the open time was reduced. A possible reason was that
blending HGCC in the mixture may contribute to the enhancement of particle
flocculation and increased water adsorption induced by the fine grain size, high
specific surface area, and layered structure of HGCC particles. However, further
study is needed to validate this.

* Calcined clay addition (mixtures LCC, MCC, and HCC) resulted in the
acceleration of hydration as compared to limestone (mixture REF). The 1-day
hydration was enhanced due to the increase in the replacement of HGCC, which
may be attributed to the reduction of the mean interparticle distance. A positive
correlation between the slope value of the acceleration period and the average
interparticle distance was observed.

* For the mold-cast samples, the mixture with higher dosage of HGCC displayed a
stronger compressive strength at 7 days, and the hydration degree played a
dominant role in the compressive strength development. The obtained results
showed a linear relationship between the compressive strength of cast samples
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and the normalized cumulative heat as well as the hydrate water content at 7
days.

For the printed samples, the compressive strength at 7 days was not only
dependent on the hydration degree but also on the structural build-up of fresh
mixtures at rest. The results confirmed that fresh mixtures with good buildability
might be vulnerable to enclose more air voids for forming cold joint/weak
interface between two adjacent layers. Due to the increase of metakaolin content
(HGCC%), more and larger air voids were found in the interface zone, which
weakened the compressive strength of printed cementitious materials.
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CHARACTERIZATION OF AIR-VOID
SYSTEMS IN 3D PRINTED
CEMENTITIOUS MATERIALS USING
OPTICAL IMAGE SCANNING AND
X-RAY COMPUTED TOMOGRAPHY

To date, far too little attention has been paid to reveal the air void characteristics in 3D
printed cementitious materials. Therefore, to fill this gap, this chapter attempts to
provide an example of systematically characterizing the typical air void system of 3D
printed cementitious materials via different image acquisition and analysis techniques.
Two printable limestone and calcined clay-based mixtures were employed to prepare the
printed samples. The micrographs were acquired by using optical image scanning and
X-ray computed tomography. Afterwards, air void metrics in printed cementitious
materials were determined, i.e., content, distribution, size, and shape. The results
revealed that most of the air voids with the diameter in the range of 10-1000 um were
distributed evenly in the layer region of printed samples. Large air voids (1000-6000 pim)
were enclosed mainly between the printed filaments (interface region), which resulted in
the relatively higher local porosity than that of layer region. Additionally, the majority of
air voids displayed irregular and elongated shapes, which could be attributed to the
extrusion and layer-wise manufacturing processes in 3D printing. Finally, a comparison
between optical image scanning and X-ray computed tomography was given.

Parts of this chapter were in Materials Characterization 173, 110948 (2021) [1].
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6.1. INTRODUCTION

WING to the differences in fresh properties and manufacturing processes, the
O air void system in 3D printed cementitious materials should differ from that of the
mold-cast cementitious materials. According to Aitcin [2], the viscosity of paste, the size
of coarse aggregate, the consistency of fresh mixture, and the condition of vibration and
compaction influence the formation of entrapped air voids in hardened concrete. As
reported by [3], the viscosity of fresh mixtures for extrusion-based 3D concrete printing
(3DCP) may be higher than that of mold-cast concrete to avoid water drainage and
ensure the stability of the layered structure during the printing process. Also, there are
no vibration and compaction processes in 3DCP. The extrusion process in 3DCP may
influence the air void parameters, such as shape, size, and distribution.

For implementing 3DCP in building construction, the investigation into the
mechanical performance of 3D printed cementitious materials needs to be prioritized.
The strength and elasticity of hardened cementitious materials are mainly influenced
by capillary pores and air voids [4, 5]. For mold-cast concrete, increasing about 1% of
air voids could lead up to a 4-5% reduction in the compressive strength [6, 7]. Due to
the layer-wise manufacturing processes, many interlayers were formed in a 3D printed
structure. The interlayer bonding (also known as interface adhesion) is considered as a
weakness of the 3D printed structure [8-10], which is attributed to the limited
intermixing between two subsequent layers [11]. High amount of air voids between the
layers as a typical phenomenon can be found in many 3D printed cementitious
materials with a weak interface adhesion [8, 12, 13]. Under scanning electron
microscope, Nerella et al. [8] observed many longitudinal cavities induced by
entrapped air voids between two layers in their printed sample that showed weak
mechanical performance. Similarly, others [12, 14] reported that increasing the air void
content in the interlayer region could result in a severe reduction of interface adhesion.
Therefore, for some 3D printed cementitious materials, air voids may play a dominant
role in the interlayer bond strength. Quantitative air void characterization of 3D printed
cementitious materials becomes quite essential for assessing and predicting the
corresponding mechanical performance. Additionally, the air void analysis could be
considered as a useful method for selecting the optimal mix design and printing
parameters (e.g., time intervals between layers, nozzle standoff distances, printing
speeds, and others) for 3DCP research.

The air void characterization of mold-cast concrete is typically done using both
fresh and hardened cementitious materials. Ley et al. [15] proposed an approach to
measure the size and spacing factor of air voids in fresh concrete. However, analysis of
air voids in hardened cementitious materials appears more frequently in literature. As
indicated in earlier studies [16-18], digital image acquisition and processing is a
powerful tool, widely implemented to investigate the microstructure of materials. The
air voids in hardened cementitious materials can be rapidly determined via
stereological examination of polished sections or thin sections using an optical
microscope or flatbed scanner, and quantified by 2D/1D approaches (e.g.,
linear-traverse method, and point-count method from ASTM C457-98 [19], as reported
by [5, 6, 18, 20-23]). However, air bubbles are distributed in a 3D space of hardened
cementitious materials. Only using the 2D approach could not indicate
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anisotropy/heterogeneity of air voids in studied samples. X-ray computed tomography
was therefore employed by many researchers [24-28] for acquiring digital images that
allowed assessing the 3D heterogeneity of air void structure.

In the case of 3D printed cementitious materials, earlier studies [29, 30] have
attempted to determine the air void content using X-ray computed tomography
scanning and image analysis. However, to my knowledge, few researchers have been
able to draw on any systematic research into characterizing air void system of 3D
printed cementitious materials. On the other hand, optical microscope (or scanner) is
widely available in the majority of laboratories, whereas micro-computed tomography
(Micro-CT) scanner is not. Thus, it is worthwhile to explore to what extent can the air
void characteristics of 3D printed cementitious materials be reliably determined using
optical microscopy (or scanning) for thin- and polished-section analyses, in
comparison with X-ray computed tomography.

The objective of this chapter is to systematically characterize the typical air void
system of 3D printed cementitious materials via digital image analysis. Two limestone
and calcined clay-based 3D printable cementitious materials with different interlayer
properties that were developed in Chapter 5 were used to prepare the printed samples.
Optical image scanning and X-ray computed tomography, as two distinct techniques,
were employed to acquire digital images. Afterwards, binary images, containing only air
voids, were segmented from the obtained images. Air voids of 3D printed cementitious
materials could therefore be studied in characteristics of content, distribution, size, and
shape by different approaches. Additionally, a discussion about possible reasons for air
void formation in printed cementitious materials is offered. = Furthermore, a
comparison between the two employed methodologies, optical image scanning and
X-ray computed tomography, is given.

6.2. MATERIALS AND METHODS

6.2.1. PRINTABLE MIXTURE DESIGN
T WO printable mixtures that were presented in Chapter 5 were used in the current
study (see Table 6.1).

Table 6.1: Mixture proportions of printable cementitious materials (% of the binder mass).

Mixture PC LGCC HGCC LP Water Sand SP VMA
M1 40 20 20 20 150 30 2 0.24
M2 40 30 10 20 150 30 2 0.24

6.2.2. SAMPLE PREPARATION

A hybrid down- and back-flow based nozzle with a rectangle opening (width: 40 mm;
height: 12 mm) was adopted in this study to print the filament with the rectangular
cross-section. The fresh mixture was prepared by following protocols in Figure 4.1.
Based on fixed printing parameters (Table 6.2), a beam that contained 5 vertically
stacked layers was manufactured per mixture. The length of each layer was 900 mm.
For the first 24 h after printing, the printed beam was cured under the plastic film at the
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ambient environment (20 + 2 °C, and about 55% relative humidity). After that, the
sample was stored in a fog room with 20 + 2 °C, and 99% relative humidity until it was
28-day-old. The samples for air void analysis were extracted at the end of the curing.

The dimensions and extracted positions of the specimens are illustrated in Figure
6.1. Note that, each specimen contained three interlayer regions. The specimen
preparation of thin sections was derived from earlier studies [31, 32]. Before polishing,
the extracted prisms were impregnated by using low-viscosity epoxy with fluorescent
pigment. Standard thin sections with a thickness of 30 um (approximately 27 ym of
cementitious material, and 3 ym of mounting glue) were obtained via a semi-automatic
thin sectioning machine. Lab-grade ethanol was utilized as coolant during processes of
cutting, grinding, and polishing. For X-ray computed tomography (CT) scanning,
cylindrical samples (@ 25 mm; height: 40 mm) were drilled and sawn from the printed
beam.

2. Region for sample 3. Sample for
XCT scanning

@ 25 mm

eg

40 mm

Sample preparation
for thin section analysis

thickness: 30 pm
(include glue layer)

7y
N
) D

30 mm

50-60 mm

40 mm

3. Thin section sample 2. Region for sample

Figure 6.1: [llustration of sample preparation for thin section analysis, and X-ray computed tomography.

Table 6.2: Printing parameters.

Printing parameters

Printing start time (Material age) [min] 15
Time interval between two layers [min] 1.5
Material flow rate [L/min] 1.7
Nozzle moving speed [mm/min] 3600
Nozzle opening [rnmz] 12 x 40
Layer thickness [mm] 10-12
Nozzle standoff distance [mm] 0

6.2.3. IMAGE ACQUISITION AND SEGMENTATION
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THIN SECTION

To capture images of entire thin sections, a digital film and photo scanner (Epson
Perfection V800) with a resolution of up to 4800 dpi was used. A region of interest (ROI)
(35 mm in length and 14.5 mm in width) was extracted from each scanned image for air
void analysis (see Figure 6.2). The resolution of scanned image was 7.2 um/pixel. Thin
sections were also studied with a Leica DM2500P optical microscope equipped with
polarization and fluorescence capability. A Leica DFC310FX digital camera was
implanted in the optical microscope to acquire optical micrographs of the thin sections
at 1392 x 1040 un-interpolated resolution. All acquired images were exported as
uncompressed tagged image file formate (TIFF) images. The segmentation of air voids
in scanned thin sections was carried out by Trainable Weka Segmentation (TWS) plugin
from a freeware image processing software Image]J [33]. The segmentation process via
the method of TWS is illustrated in Figure 6.2.

ROI of thin section After TWS Air void
(scanned) (ImageJ)

Thin section

145 mm

Figure 6.2: ROI of the thin section and TWS segmentation process.

X-RAY COMPUTED TOMOGRAPHY

A Micro-CT scanner (Phoenix Nanotom) was used to obtain the microstructure of small
cylindrical sample (@ 25 mm; height: 40 mm). By using the dedicated Phoenix Datos|x
software, reconstructed slices were carried out (Details about CT scanning can be found
in Section 4.2.7, Chapter 4). The resolution of obtained slices was 27 ym/pixel. For each
sample, 1297 transverse planes/cross-sections (CT-TP) and 40 longitudinal planes (CT-
LP) of grayscale value (GSV) images were obtained for performing image analysis (see
Figure 6.3).

Image] was also employed for conducting the image segmentation. However, instead
of TWS, the thresholding method was adopted to segment air voids in GSV images for
saving computation time. An example of image segmentation result was illustrated in
Figure 6.4.

6.2.4. AIR VOID CHARACTERIZATION
Air voids of 3D printed cementitious materials were investigated in terms of content,
distribution, size, and shape. Different approaches to characterizing the air void systems
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Figure 6.3: CT-TP and CT-LP GSV images extracted from the reconstructed 3D volume.
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GSV image Segmentation Binary image

Figure 6.4: An example of air void segmentation of GSV image.

were summarized in Table 6.3. Three aspects of air void characterization were presented
as follows.

CONTENT AND DISTRIBUTION

For TS and CT-LP images (after segmentation), the air void content and distribution of
each image were computed and analyzed via a MATLAB-code. Air void pixels were
counted in every linear-row per image. The local porosity (P;,) and air void content
(Vip) was calculated through Eq 6.1 and Eq 6.2, respectively.

M
Py == 6.1)
Trow
M.
le = # (6.2)
image

where M, is the pixel number of air void per row, and T}, represents the total pixel
number per row. Mjmage and Timage stand for the pixel number of air void and total
pixel number per image, respectively. In the case of CT-TP images, the local porosity
(Pp) that was equal to air void content of each transverse slice can be computed via Eq
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6.3. For calculating air voids content (V;p), Eq 6.4 was used.

Py =—= (6.3)
i Timage
V.
Vip=—— (6.4)
Viotal

where V;; is the total air volume of ROI prism, and V;,;4; is the volume of ROI prism.
The air void volume was measured by using 3D Objects Counter plugin from Image]J.

SIZE DISTRIBUTION

For some 3D printed cementitious materials with weak interlayer bondings, it has been
found that the air voids in the interface region exhibited a larger average size than that
of other regions (see Figure 5.14, Chapter 5). The coarse pore probably induced by
merging and overlapping of entrapped air voids could weaken the mechanical
performance of printed structure significantly. Thus, it is necessary to quantify the air
void size distribution in this context. The area of each pore in TS and CT-LP images and
the volume of each pore in the reconstructed 3D volume using CT-TP images were
determined by Analyze Particles and 3D Objects Counter (Image]), respectively. The
pore diameter was generally used to describe the pore size. 2D and 3D pore diameter
(d2p, d3p) could be computed via Eq 6.5 and Eq 6.6, respectively.

4Area
dop = (6.5)
b4
6Volume
dsp = || — (6.6)

Besides, to characterize the pore size along with the sample height, the average 2D air
void diameter of every CT-TP image was calculated as well.

SHAPE PROPERTY

The morphology of air voids was observed on optical micrographs of thin sections and
visualized in 3D through using CT-TP images. This is a qualitative way to illustrate the
distribution and shape of air voids. Furthermore, 2D circularity and 2D aspect ratio of
each pore, as given in Eq 6.7 and Eq 6.8, were used to quantify the shape properties of air
voids in TS and CT-LP images. The shape of air voids is close to a perfect circle when the
value of circularity is about 1. Elongated/concave pores appeared in the interface area
can be directly observed in longitudinal cross-sections of printed samples (see Figure
6.5). The aspect ratio was employed to evaluate the elongation magnitude of the pore
structure.

i . 4T A
Circularity = N (6.7)
. w
Aspectratio = n (6.8)

where A, S, w, and h are the area, perimeter, horizontal width, and vertical height of an
air void.
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Figure 6.5: [llustration of the horizontal width and vertical height of the air void.

Table 6.3: Overview of approaches for characterizing the air void system.

Optical image scanning X-ray computed tomography
Image type Longitudinal cross-  Longitudinal cross-  Transverse cross-
sections (TS) sections (CT-LP)! sections (CT-TP)
Slice number (per 1 40 1297
sample)
Resolution 7.2 um/pixel 27 pm/pixel 27 pm/pixel
Content and distribution  P;, and Vj,, Pyp and vy, Ptp and Vip
Size distribution dap dap d3p and average
dyp (per slice)
Morphological study Optical micrographs 3D visualization
Shape 2D circularity, 2D aspect 2D circularity, 2D  Average 2D
ratio aspect ratio circularity (per
slice)

Lt is also possible to use all CT-LP images (537 slices) to reconstruct 3D volume for performing 3D
analysis of air voids, which should generate the same results as using CT-TP images (V;p and d3p).
However, the selected CT-LP images in this study were analyzed using the same means for processing
TS images to provide more possibilities of the stereological examination.

6.3. RESULTS AND DISCUSSION

6.3.1. AIR VOID CONTENT AND DISTRIBUTION

ASED on the CT-LP images, the local porosity of samples M1 and M2 is illustrated in

Figure 6.6. Additionally, Figure 6.7 shows the local porosity results obtained by TS,
CT-LP, and CT-TP images. In general, the air voids were not homogeneously distributed
within samples M1 and M2. It could be found that the interface of the printed samples
displayed relatively higher air void content compared to other regions, especially
sample M1. The position of interface areas could be indicated in Figure 6.6. In
comparison with sample M2, sample M1 exhibited much higher air void content in the
interface, which agreed with the obtained results in Section 5.3.4, Chapter 5. Magnitude
differences of the local porosity results were also observed across measurements. It can
be found that less significant differences between CT-TP and CT-LP images compared
with that between CT-TP and TS images. As mentioned earlier, the resolution of
scanned thin sections is about 7.2 uym/pixel, which is much smaller than that of GSV
images (27 pum/pixel) from CT scanning (CT-LP and CT-TP images). Thus, small air
bubbles with a theoretical diameter between 7.2 ym and 27 ym were also taken into
account in TS images. Additionally, using different image segmentation methods may
induce changes in porosity as well.
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The results of total air void contents computed by using different images are
reported in Figure 6.8. Sample M1 shows a higher void content than sample M2.
However, notable differences in the total air void content obtained by using different
methods were also found in Figure 6.8. In comparison with the air void content
obtained from CT-TP images, a much higher air void content was predicted by TS
images, and a slightly lower result was achieved by CT-LP images. Due to the 2D effects,
the results measured via TS and CT-LP images may lead to the over-/under-estimation
of air void content compared with CT-TP images. Besides, the above-mentioned
differences between TS and CT images could also contribute to such deviations.

(@) (b)

Figure 6.6: Local porosity vs. sample height of samples M1 and M2 based on 40 CT-LP images: (a) Result of sample M1; (b)
Result of sample M2. The gray line is the computed result of each slice, and the black curve means the average result from 40
slices.

6.3.2. AIR VOID SIZE DISTRIBUTION

The CT-TP images for each sample are visualized in 3D, as shown in Figure 6.9. The
cyan colored objects in the image represent the air voids within the sample. The air
voids were segmented into two groups based on the pore diameter in CT-TP images (dsp
of small and medium air voids: 10-1000 um; dsp of large air void: 1000-6000 ym). As
shown in Figure 6.9, most of the pores in both samples belong to small and medium air
voids. The large air voids in sample M1 were mainly distributed in the interface area,
whereas a relatively uniform distribution of large air voids throughout the sample was
found in sample M2. Rationally, the concentrated pores in the interface area led to the
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(@ (b)

(c)

Figure 6.7: Local porosity vs. sample height of samples M1 and M2: (a) Average result of CT-LP images; (b) Result of TS images;
(c) Result of CT-TP images.



6.3. RESULTS AND DISCUSSION 167

Figure 6.8: Total air void content V},, from TS images (Left); Total air void content V},, from CT-LP images (Middle); Total air
void content Vp from CT-TP images (Right).

high local porosity (see Figure 6.7). Besides, Figure 6.13(a) presents the average pore
diameter of air voids in each transverse cross-section from the bottom to the top of the
sample. Particularly in sample M2, coarser air voids that could result in the high average
pore diameter were also indicated in the layer region.

Figures 6.10 and 6.11 present the pore diameter distribution of samples M1 and M2.
In general, the medium air voids (100-1000 ym) accounted for the highest void content
across measurements. Sample M1 exhibited a higher volume of large air voids (1000-
6000 um) than sample M2. The relative frequency of air voids in different size groups is
illustrated in Figure 6.12. Magnitude differences of the results between TS and CT (LP
and TP) images could be indicated. As shown in Figure 6.12, small air voids (10-100 pum)
possessed the largest relative frequency of overall air voids in the results obtained from
TS images. However, for CT-LP and CT-TP images, most of air voids were characterized
as medium air voids. As mentioned in the previous section, the differences between TS
and CT (-LP and -TP) images in the image resolution and the segmentation method may
induce this phenomenon.

6.3.3. AIR VOID SHAPE PROPERTY

MORPHOLOGICAL STUDY

In Figure 6.9, large air voids were mainly found in the interlayer region of sample M1.
A typical example of the 3D configuration of air voids in the interface region of sample
M1 (part of A-A section) is presented in Figure 6.14. The connectivity of large air voids in
the interlayer was evidently observed. The vast majority of medium and large air voids
exhibited irregular and anisotropic shapes, which agreed well with the findings of Van
Der Putten et al. [30]. In Figure 6.15, a typical interface area of the printed sample (M1)
is highlighted. Under plane polarized light (PPL) mode, epoxy impregnated air voids




6. CHARACTERIZATION OF AIR-VOID SYSTEMS IN 3D PRINTED CEMENTITIOUS MATERIALS
168 USING OPTICAL IMAGE SCANNING AND X-RAY COMPUTED TOMOGRAPHY

All air voids Small & medium air voids Large air voids

A-A: Large air voids

A-A: Small & medium
air voids

All air voids Small & medium air voids Large air voids

B-B: Large air voids

f AR

B-B: Small & medium
air voids

Figure 6.9: 3D visualization of the air voids in the prism ROI. A-A section: interface region of sample M1 (thickness: 2 mm); B-B
section: interface region of sample M2 (thickness: 2 mm). Small and medium air voids: 10-1000 um; Large air voids: 1000-6000
pm.

display yellow color because of the fluorescent pigment. In contrast, the binder appears
black, and the sand particles are bright with light gray- and/or brown-textures. Similar
to the 3D configuration of the air void system, large air voids with the elongated shape
were found in the interface area.

Photomicrographs of large air voids (Figure 6.16(a)), medium air voids (Figure
6.16(b)), as well as small air voids (Figures 6.16(c) and 6.16(d)) were acquired under
crossed polarized light (XPL) mode to observe these air voids in thin sections further.
The large air void appears to act as a ‘crack’ between two layers, whereas the medium
air void may be formed by several connected ellipsoidal pores. Small air void as the
minimum unit could keep the round shape in the paste. In Figure 6.16, it can be seen
that all air voids were filled with crystals, most likely portlandite and/or calcite (see
Figure 6.16(a)). Needle-like ettringite or portlandite crystals were observed on the
surface of small air voids, as seen in Figures 6.16(c) and 6.16(d).

CIRCULARITY AND ASPECT RATIO
Figure 6.17 illustrates the comparison of the air void circularity distribution of different
specimens, where the air void circularity distributions were obtained from TS and
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(a)

(b)

(c)

Figure 6.10: Pore size distribution of samples M1 and M2: (a) dop from TS images; (b) dyp from CT-LP images; (c) d3p from
CT-TP images.
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Figure 6.11: Pore size distribution of samples M1 and M2-characterized into three pore size groups.

CT-LP images, respectively. The y-axis in Figure 6.17 presents the relative frequency of
the pore circularity for describing the shape property of air voids in different
specimens. For each measurement, the general trend of the pore circularity
distributions was similar in different specimens. Compared with sample M1, there is a
higher amount of air voids with the higher values of circularity (0.9-1) in sample M2.
Variations across measurements were also evident. The circularity of the maximum
relative frequency, as obtained from TS images, is around 0.925-0.95, whereas this value
is 1 in CT-LP images. In Figure 6.13(b), the average air void circularity in transverse
cross-sections of sample M2 is slightly larger than that of sample M1 throughout the
specimen. The correlation between the average circularity and the pore size is
illustrated in Figure 6.18. For both samples, air voids with the small pore size showed
the relatively higher average value of circularity.

The aspect ratio was also studied to investigate the orientation of air voids in the
horizontal direction. Figure 6.19 illustrates the aspect ratio of air voids throughout the
sample based on TS and CT-LP images. Compared with TS images (Figure 6.19(a)), the
results obtained by CT-LP images could indicate the approximate interface position in
Figure 6.19(b). Especially in sample M1, many air voids with large aspect ratio (w/h>3)
were found at the sample height of about 7.2 mm, 18.1 mm, and 27.4 mm, where the
high local porosity appeared in sample M1, as shown in Figure 6.7. The aspect ratio
distribution of air voids is demonstrated in Figure 6.20. The general trend of aspect ratio
distribution is the same for different samples by using different types of images. For both
samples M1 and M2, more than 35% of air voids are in the range of 1.1-8. The aspect ratio
in the range of 1.1-2 represents the largest category (except the results of CT-LP images
in sample M2). In Figure 6.21, the relationship between the average aspect ratio and the
pore size is reported. The average aspect ratio of small air voids in both samples was
close to 1. For medium and large air voids, the aspect ratio exhibited an increasing trend
with the increase of pore diameter, which was clearly indicated in Figure 6.21(b). Note
that, owing to the limited image resolution, especially the images obtained using X-ray
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(@ (b)

Figure 6.12: Relative frequency of air voids in three pore size groups characterized by analyzing TS, CT-LP and CT-TP images:
(a) Sample M1; (b) Sample M2.

(a) (b)

Figure 6.13: (a) The average pore diameter of air voids in each CT-TP image from the bottom to the top of the sample; (b) The
average circularity of air voids in each CT-TP image from the bottom to the top of the sample.
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Figure 6.14: 3D configuration of the interlayer region in sample M1 (volume: 10 x 10 x 2 mm3).

computed tomography, many small air voids comprise only several pixels (in 2D), which
may be insufficient to indicate their intrinsic shape properties. Thus, most of small air
voids appear to be more spherical than macropores.

6.3.4. PERSPECTIVE AND LIMITATIONS

FORMATION OF AIR VOIDS IN PRINTED CEMENTITIOUS MATERIALS

Overall, the air voids in 3D printed cementitious materials showed significant
differences in morphology and distribution compared with mold-cast cementitious
materials in [24, 25, 28]. It could be found that small and medium air voids (10-1000
pm) were primarily distributed in the printed layer, whereas most of the large air voids
(1000-6000 um) appeared in the interlayer region. Since air-entraining agents were not
added in the studied mixtures, the formation of small air voids (10-100 pm) was
possibly due to the existence of grinding aid that was used for producing Portland
cement. Besides, the presence of polycarboxylate ether-based superplasticizer in
mixtures may also contribute to the entrainment of such air voids [34, 35].

The fresh mixtures (both M1 and M2) displayed very high consistency during the
extrusion process, as well as high stiffness and near zero-slump after deposition. Due to
the high flow consistency of fresh mixtures, air bubbles were stabilized and may be
evenly distributed in the matrix during the mixing process of fresh mixture preparation.
Afterwards, the fresh mixture was extruded through a conveying pump. The extrusion
force provided by the pump can compact the fresh mixture, which could also
redistribute and reshape the air voids in the filament. Besides, the loading from upper
layers seemed to compress/compact air voids in the substrate vertically As a
consequence, massive compressed, merged, and overlapped air voids with the
elongated shape that showed a high value of aspect ratio in the longitudinal
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Figure 6.15: Photomicrograph of the interlayer region in sample M1 (under PPL mode). Yellow areas represent the air bubbles.
Image fields: 8.95 x 6.69 mm?.

cross-section eventually were found in the layer regions (see Figures 6.15 and 6.16(b)).
Under the extrusion pressure, the small air voids were also difficult to retain the
spherical shape. Most of them displayed slight anisotropy in the 2D image (Figure 6.15)
and ellipsoid shape in the 3D visualization (Figure 6.14). It should be noted that coarse
air voids may be enclosed in the filament during the extruding/printing process since
the vacuum de-airing system was not adopted in my extrusion system. Few large air
voids were recognized in the layer of both samples M1 and M2 (see Figure 6.9).

The large air void was formed mainly in the interface area, which can be attributed
to the layer-wise manufacturing process in 3DCP. Many parameters, e.g., material
thixotropy, time gaps, nozzle types, and others, influenced air voids content in the
interlayer region from studies [12, 13]. In this study, the printing parameters were kept
identical. The only difference between the two studied mixtures was the proportions of
HGCC and LGCC in calcined clay. Sample M2 containing a lower content of HGCC,
showed much lower porosity in the interface region in comparison with sample M1. As
reported in Section 5.4.3, Chapter 5, increasing the content of HGCC in calcined clay
could enhance buildability and structural build-up behavior at rest of fresh mixtures for
3D printing. The fresh mixture with the higher thixotropy/buildability leads to enclose
more large air voids in the interface.

COMPARISON BETWEEN OPTICAL IMAGE SCANNING AND X-RAY COMPUTED TOMOGRAPHY
The comparison between optical image scanning and X-ray computed tomography in
terms of sample preparation, image acquisition, and the pros and cons is summarized
in Table 6.4. The main challenge of using thin sections to characterize air void system of
printed samples is the sample preparation, which is not only a time-consuming process
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100 ym

(c) (d)

Figure 6.16: (a) Photomicrograph of the large air void (part) in the interface (under XPL mode). Image fields: 0.70 x 0.53 mmz;
(b) Photomicrograph of the medium air void (under XPL mode). Image fields: 0.70 x 0.53 mm?; (c) Photomicrograph of the
small air void (under XPL mode). Image fields: 0.35 x 0.27 mm?; (d) Photomicrograph of the small air void (detail) (under XPL
mode). Image fields: 0.18 x 0.14 mm?.
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(@ (b)

Figure 6.17: Circularity distribution of air voids measured by: (a) TS images; (b) CT-LP images.

but also a delicate work. Unlike thin sections, the cored sample in this study for CT
scanning can be prepared easily. However, the accuracy of digital image analysis is
mostly dependent on the resolution of images. As mentioned by Zhang et al. [36],
maximum resolution of GSV images from CT scanning is limited by the dimension of
the sample. The cored sample should be equal in size or larger than the necessary
representative elementary volume. In contrast, it is apparently in contradiction with the
fact that the resolution of 10 ym is needed to quantify the small air voids. In further
research, multiscale samples might be used to conduct the air void characterization via
CT scanning.

In comparison with CT-TP images, the limitations of using TS and CT-LP images on
air void characterization should be highlighted. First, as mentioned earlier, using TS
and CT-LP images may over-/under-estimated the total air void content and the local
porosity along with the longitudinal cross-section of printed samples due to the 2D
effects. Second, the acquired pore area in the TS and CT-LP images may not represent
the actual size of air voids, which depends on the position of the cross-section (see
Figure 6.22). Finally, most of the air voids in printed samples displayed
elongated/concave shapes. The analysis of TS and CT-LP images can indicate the shape
properties of air voids in one plane projection. In contrast, it is difficult to reveal the
spatial anisotropy/heterogeneity of air voids. For further study, it is recommended to
increase the dimension of the printed sample for optical microscopy/scanning. As
described by ASTM C457-98 [19] and NEN-EN 480-11 [37], the concrete specimen with
a field area of 100 x 100 mm? was required for performing air void analysis. The large
specimen may require longer preparation time (e.g., cutting, polishing, and other
treatments) and lead to a reduction of image resolution. In contrast, it can offer more
interface regions for studying and quantifying the large air voids (>1000 pym).
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(a)

(b)

Figure 6.18: Correlation between average circularity and pore size of samples M1 and M2: (a) TS images; (b) CT-LP images.
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(@ (b)

Figure 6.19: The aspect ratio of air void along with the sample height: (a) TS images; (b) CT-LP images.

@ (b)

Figure 6.20: The aspect ratio distribution of air voids measured by using TS and CT-LP images: (a) Sample M1; (b) Sample M2.
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(a)

(b)

Figure 6.21: Correlation between average aspect ratio and pore size of samples M1 and M2: (a) TS images; (b) CT-LP images.
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Table 6.4: Comparative study of different approaches for characterizing air voids.

Optical image scanning
- thin section

X-ray computed tomography

Image type

TS (LP)

CT-LP

CT-TP

Sample prep
Time (per sample)!
Difficulty

At least 36-48 h.
Difficult, it requires
experienced operators.

At most 0.5-1 h.
Simple, it requires less skilled labor.

Image acquisition
Time (per sample)!
Difficulty

Less than 0.5 h.
Simple, it requires a
specialized operator.

3.5-4 h (scanning + reconstruction).
Simple, it requires a certified operator.

Pros

Cons

1) Multi-scale

observation and
analysis.

2) Possible to
characterize the
pores with small
diameters (smaller
than 10 pm is
possible).

3) Itis easy to segment
sand grain and paste
phases.

4) Indicating the
interlayer region
directly.

1) 2D effects.

2) Challenges with the
sample preparation.

3) A limited number of
slices.

1Y)

2)

3)

1

2)
3)

A sufficient number
of slices.

Most of the air
voids could be
characterized

(larger than several
tens micron).

Indicating the
interlayer region
directly.

Limited image

resolution for big
sample sizes.

2D effects.

It is challenging to
distinguish between
sand and cement
paste.

by
2)

3D analysis.

Tlustrating
anisotropy of air
voids.

Most of the air
voids could be
characterized

(larger than several
tens micron).

Limited image
resolution for big
sample sizes.

It is challenging to
distinguish between
sand and cement
paste.

Longer
time.

processing

! The required time for each sample mentioned in this table is based on the experiences of the author,
which could provide a reference for readers.
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Figure 6.22: Schematic description of the cross-sections of the sphere (Left) and spheroid (Right). For the spherical voids, only
once the slice from the center plane of the sphere (TP and LP-1), the acquired 2D area (diameter) can represent the size of the
corresponding air void. For the other anisotropic shapes, like spheroid, all acquired 2D areas can not indicate the real size of
the air void.

6.4. CONCLUSION

A CCORDING to the yielded results, the salient conclusions of this study can be drawn
as follows:

* The results of local porosity and total air void content obtained by TS, CT-LP and
CT-TP images illustrated a similar trend. Thus, material researchers could employ
one of these approaches to quantify the air void content and distribution of 3D
printed cementitious materials for selecting the optimal mix design and printing
parameters.

* The air voids with the diameter in the range of 10 ym to 1000 ym seemed to be
evenly distributed in the layer, whereas the large air voids (1000-6000 pm) were
formed mainly at the interface region (several large air voids were also found in
the layer region), especially in sample M1. For both samples, the medium air
voids (100-1000 pm) accounted for the highest air void content across
measurements. Due to the possibility of merging and overlapping, the majority of
air voids exhibited irregular and elongated shapes. This could be attributed to the
extrusion and layer-wise manufacturing process in 3DCP.

* Both values of the average circularity and aspect ratio of small air voids (10-100
pm) were close to 1. This might be due to the small air voids made by only few
pixels, which can not sufficiently indicate their intrinsic shape properties. In the
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case of medium and large air voids, the average circularity was decreased, and the
average aspect ratio revealed an increasing trend with the increase of pore size.

* Thin section can be used for multi-scale analysis and observation of air voids,

whereas the sample preparation is a challenge. The sample for X-ray computed
tomography can be easily prepared. Nevertheless, the image resolution is limited
for the sample with a relatively large size.

In comparison with CT-TP images, the limitations of using TS and CT-LP images
for air void analysis were highlighted. Due to the 2D effects, the measured results
from TS and CT-LP images may lead to over-/under-estimation of local porosity
and air void content. Additionally, the pore diameter obtained by TS and CT-LP
images may not represent the real size of air voids. For pore morphology, the
spatial anisotropy/heterogeneity of air voids may not be adequately indicated by
TS and CT-LP images.
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EFFECT OF PRINTING PARAMETERS
ON INTERLAYER BOND STRENGTH
OF 3D PRINTED
LIMESTONE-CALCINED CLAY-BASED
CEMENTITIOUS MATERIALS

This chapter presents an experimental and numerical study to investigate the impacts of
different printing parameters on the interlayer bond strength of the 3D printed limestone
and calcined clay-based cementitious materials. All samples were manufactured by a
lab-scale 3D printer equipped with a hybrid back- and down-flow nozzle (rectangular
opening). The uniaxial tensile test was employed to quantify the interface adhesion of
printed specimens. Moreover, the grayscale value image of microstructure, as well as the
air void content and distribution of the printed specimens were acquired by X-ray
computed tomography and characterized by image analysis. The experimental results
showed that extending the time interval between construction of two layers could
decrease the bond strength, whereas only increasing the nozzle standoff distance
exhibited limited effects on that. The weak bond strength could be attributed to the high
local porosity at the interface of the specimen. Additionally, numerical simulations of the
uniaxial tensile test were conducted using a 2D lattice fracture model, which can predict
the bond strength of printed specimens for different void contents in the interface layer.

Parts of this chapter were published in Construction and Building Materials 262, 120094 (2020) [1].
Numerical simulation was conducted by Dr. Hongzhi Zhang.
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7.1. INTRODUCTION

osT of the recent studies [2-4] attempted to explore the mechanism of interface

formation induced by different printing parameters. Performing uniaxial tensile
test [2, 4-8] is a direct way to obtain the bond strength between two layers. However, for
printed cementitious materials, the details of the uniaxial tensile tests are not so
commonly reported in the literature, i.e., the complete load and displacement curve
including pre- and post-peak properties. In general, there is a lack of knowledge
regarding fracture mechanics within the context of 3D printed cementitious materials.

Lattice fracture model, as a mechanical modeling approach, is widely used to
explain the fracture behavior of cementitious materials since the simulated crack
patterns and tensile strengths are very close to those observed in experiments [9, 10].
Earlier studies [11-13] employed the discrete lattice fracture model to predict and
model the fracture process of the digital specimen in a mechanical test, e.g.,
compression, flexural, splitting, and uniaxial tensile strength. The digital specimen,
mimicking the cementitious material (the input of material mesostructure), can be
constructed by using different techniques, e.g., X-ray computed tomography
[11, 13, 14], nanoindentation [15], and others [16, 17].

The printing parameters, including short-time intervals and nozzle standoff
distances, seemed extremely critical for a single batch material in practice. This chapter
aims to investigate the effect of these printing parameters on the interlayer bond
strength of 3D printed limestone-calcined clay-based cementitious materials. The
printed specimens were tested in the uniaxial tension under a non-rotational boundary
condition for obtaining the complete load and displacement curve (containing the
softening branch). Furthermore, X-ray computed tomography scanning was used for
acquiring the digital material structure. Based on the obtained digital material
structure, the air void (also known as macropores) content and distribution were
measured and analyzed as well. Finally, numerical simulations of the experiments were
conducted using a 2D lattice fracture model.

7.2. MATERIALS
printable mixture proposed in Chapter 5 was used in this study (see Table 7.1).

Table 7.1: Mixture proportions of printable cementitious materials (% of the binder mass).

PC LGCC HGCC LP Water Sand SP VMA
Mixture 40 30 10 20 150 30 2 0.24

7.3. EXPERIMENTAL TESTS

7.3.1. SAMPLE PREPARATION
Hybrid down- and back-flow nozzle was utilized in this study (Figure 4.6). The nozzle
with a rectangle-opening of 40 x 13.5 mm? could provide a large contact surface area
between two layers, which may ensure printing stability. The moving speed of the nozzle
was set as 3600 mm/min with respect to a material flow rate of 1.9 L/min. Samples were
printed and prepared under the same ambient condition of 20 + 2 °C and about 55% RH.
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All printed objects with the designed dimensions of 800 mm in length, 25-27 mm in
height, and 40 mm in width consisted of two layers (only one filament for each layer).
Two printing parameters were investigated in this study: the time interval between two
adjacent layers, as well as the height between the bottom of the nozzle and the substrate
(nozzle standoff distance).

TIME INTERVAL

In this study, the default printing speed was 3600 mm/min. Thus, assuming the object
has the identical layers (the same path length of each layer) from the bottom to the top,
20 s, 1 min, and 10 min of time intervals may represent three scenarios in Figure 7.1(a):
objects with path length of 1200 mm, 3600 mm, and 36000 mm for each layer,
respectively. In this test series, the nozzle standoff distance was kept as 0 mm. The first
layer was exposed to the ambient environment without any cover, and the second layer
was laid after a time interval of 20 s, 1 min, and 10 min, respectively (see Figure 7.1).

NOZZLE STANDOFF DISTANCE

The nozzle was featured as a hybrid back- and down-flow. According to my preliminary
printing tests (see Figure 7.2(a)), nozzle standoff distance greater than 10 mm led to
inaccurate positioning of the layers. Therefore, as shown in Figure 7.1(b), three different
nozzle standoff distances 0, 5, and 10 mm were selected to make the second layer. 0 mm
was the default value, and 10 mm was the maximum tolerance value. For each trial, the
time gap between the two adjacent layers was controlled as 1 min in this test series.

MOLD-CAST SPECIMEN

Cast samples with dimensions of 160 x 40 x 40 mm? were also prepared and tested.
Fresh mixtures were filled into the mold manually. No compaction was applied. Both
cast and printed samples were stored under the plastic film for the first 24 h.
Afterwards, all samples were cured and stored in a fog room (20 + 2 °C, and 99% RH)
before conducting the tests.

7.3.2. UNIAXIAL TENSILE TEST

Uniaxial tensile test was performed to determine the bond strength of printed and cast
samples. One day before testing, three specimens (Figures 7.3(a) and 7.3(b)) with 20
mm of length, 20 mm of width, and 24 mm of height were sawn from the printed and
mold-cast objects by using a cutting machine. To ensure the printed sample failed at
the interface zone, a notch with a depth of 5 mm and a height of 3 mm was made on
four sides of the sample at the interlayer (Figure 7.3(b)). The notches were also made on
the cast samples at the same position. Uniaxial tensile tests were conducted on a
servo-hydraulic Instron 8872 machine. Before implementing the test, the frontal
surface of specimens was painted white by using acrylic paint. Afterwards, evenly
distributed black dots were randomly made with a permanent marker for employing
digital image correlation (DIC). The prepared specimens were glued between two
non-rotating platens via using a rapid hardening adhesive to keep the same
deformation along the four sides of the specimen (Figure 7.3(c)). The test was
controlled by the average value of two linear variable differential transducers (LVDTs) at
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(a)

(b)

Figure 7.1: (a) Three scenarios: i. A small object with 1200 mm of path length for each layer (Time interval-20 s); ii. A medium
object with 3600 mm of path length for each layer (Time interval-1 min); iii. A large object with 36000 mm of path length
for each layer (Time interval-10 min). (b) Schematic diagram of the printing process by different time intervals between two
layers.
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Figure 7.2: (a) Increasing the nozzle standoff distance h could lead to the inaccurate layer deposition; (b) Schematic diagram
of the printing process by different nozzle standoff distances between two layers.
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loading speed of 0.01 pym/s. A Canon camera model EOS 6D equipped with a Tamron
aspherical 28-75 mm lens was utilized to acquire images during the test process. DIC of
each test was analyzed by an open-source software Ncorr2 [18].

(b)

(c)

Figure 7.3: (a) Extracting the specimen from the printed sample; (b) Illustration of the specimen for performing uniaxial tensile
test; (c) A photograph of the uniaxial tensile test setup.

7.3.3. X-RAY COMPUTED TOMOGRAPHY
In this study, X-ray computed tomography (CT) scanning was used to acquire the
grayscale-based digital microstructure of the printed and cast specimens for air void
analysis and specimen digitalization for modeling. In Figure 7.4, cylindrical samples
with a circular cross-section of 25 mm diameter and 25-27 mm height were drilled from
both printed and cast objects (at the material age of 7 days). After CT scanning,
grayscale value (GSV) images with a resolution of 50 pm/pixel were acquired (Details
about CT scanning can be found in Section 4.2.7, Chapter 4).

For each specimen, 40 longitudinal cross-sections of GSV images were extracted
from the reconstructed 3D volume (see Figure 7.5). For segmenting the air voids, the
so-called tangent-slope method [19, 20] (illustrated in Figure 7.6) was applied to the
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cumulative histogram. It should be noted that only pores larger than the X-ray CT
resolution (50 um) can be detected in this manner. The air void content and
distribution of each segmented binary image could be determined through a
MATLAB-code.

Figure 7.4: Extracting specimens from the printed sample (Left); A photograph of the cored specimen for CT scanning (Right).

Figure 7.5: The process of acquiring GSV based images for air void analysis and modeling.

7.4. MODELING

UE to its simplicity and efficiency, the discrete lattice model has been widely
D used to simulate the mechanical properties of cementitious materials, at both
microscale [14, 20, 21] and mesoscale [22, 23]. The model uses a lattice of Timoshenko
beam elements to discretize the material domain. All the elements have a linear elastic
behavior (note that it is possible to assign a ductile constitutive law of the local element,
as shown in [10]). Cracks are generated by removing the element in which stress
exceeds its strength under a specific boundary condition. In the case of heterogeneous
materials, the heterogeneity is easily introduced by overlapping the digitalized material
structure on the lattice and assigning different local mechanical properties to the
elements according to their positions.
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Figure 7.6: Schematic explanation of the approach used to segment the air voids.

Figure 7.7: The notched digital specimen (cast specimen) used for the fracture and deformation analysis.

In the current study, the segmented 2D material structure with a height of 24 mm
and a length of 20 mm (480 x 400 pixelz) was used to build a series of 2D models. Two
notches (with the size of 3 mm in height and 5 mm in length) were created in the meshes
at mid-height (see Figure 7.7). As shown in Figure 7.8, a quadrangular grid of square cells
was first defined, in which a node was then randomly positioned within a concentric
sub-cell. According to a previous study [24], a ratio of 0.5 between the length of the cell
and sub-cell can introduce the geometry disorder in the digital cementitious material
while avoiding significant variations in the length of elements. Therefore, this ratio was
consistently adopted herein. Delaunay triangulation was performed on the set of the
defined notes, on the basis of which nodes in adjacent Voronoi cells are connected by the
beam elements. This mesh configuration results in a Poisson’s ratio of 0.18 [25], which is
realistic for cementitious materials [26].

At the investigated length scale, the 2D material structure was considered as a
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Figure 7.8: Schematic illustration of the 2D mesh generation.

Figure 7.9: The boundary condition of the computational uniaxial tension test.

two-phase structure, i.e., solid and pore phases. As shown in Figure 7.8, the element
that has one/two nodes located in the pore or notch area was then removed from the
system as the initial flaw embedded in the material. As a simplification, all the elements
located in the solid phase are assumed having the same mechanical properties, i.e.,
elastic modulus and tensile strength (Note that no local compressive failure is needed
to simulate fracture performance of such material under uniaxial tension [24]). Those
two mechanical properties were assumed to correspond with those of the mold-cast
samples to investigate the influence of the pore structure on the global mechanical
performance of the specimens and further explain the experimental observations. The
computational uniaxial tension test was achieved by applying uniform displacement of
the nodes on one side and blocking the degrees of freedom of the nodes in the opposite
side (see Figure 7.9). It is worth to mention that in order to simulate the boundary
constraints between the steel plates and specimen in the experiments, lateral
deformation and rotation of the nodes at the boundaries were fixed. In order to
consider the variation of the 2D material structure, for each case, 3 simulations were
carried out on the basis of 2D slices extracted from different locations (see Figure 7.5).
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7.5. RESULTS AND DISCUSSION

7.5.1. UNIAXIAL TENSILE STRENGTH

LLload and displacement curves of the uniaxial tension tests are given in Figure 7.11.

The displacement of each test was the average value of two LVDTs. All specimens
showed brittle behavior in tension. A similar pattern of the load and displacement curve
was observed. As shown in Figure 7.10(a), the load initially increased quasi-linearly with
increasing vertical displacement until reaching the peak load. Except for the specimens
with a 10 min time gap (in Figure 7.11(c)), the peak load corresponded to a displacement
of 4-5 ym. After the peak load, a load decrease was observed as deformations grow. In
Figure 7.10(b), the color close to red in the DIC image represented the region suffering
high deformation and containing cracks. It could be found that two cracks nucleated
from both notch tips, and then continued propagating. Finally, both cracks formed at
the interface. The peakload in this test could be regarded as the ultimate interlayer bond
force of the specimen. The peak force of each curve from Figure 7.11 was collected and
divided by the cross-section area (10 x 10 mm?) to compute the uniaxial tensile bond
strength. The calculated results were presented in Figure 7.12.

7.5.2. AIR VOID CONTENT AND DISTRIBUTION

The air void content and distribution of each GSV image is presented in Figure 7.13.
The term porosity could be referred to as air void content in this context. It could be
found that the porosity in the middle zone of the printed specimens was higher than in
other areas, which was due to the presence of the interface. In contrast to the printed
sample, the air void distribution of the cast sample was more homogeneous. For the
printed sample, the interlayer zone could be located mid-height of the sample, with the
height ranging from 10.5 mm to 13.5 mm. It was also the region to make notches. In
general, for a quasi-brittle material, the mechanical properties are inversely
proportional to the porosity [27]. Since the crack is localized in the interlayer zone, the
strength of the specimens is mainly determined by the porosity within this area. The
total porosity in the interlayer zone is therefore investigated and plotted in Figure
7.14(a). However, as shown in Figure 7.14(a), the results of the total porosity in the
interlayer zone were very close between different specimens, except for the 10 min and
cast cases. Both of them displayed higher porosity than others. As reported by Lee et al.
[28], the total fraction of pores in the interlayer may not directly affect the bond
strength of printed samples. Compared with the total porosity in the interlayer zone,
the maximum value of local porosity seems to be a more critical factor to dominate the
bond strength (see Figure 7.14(b)).

TIME INTERVAL

In Figure 7.14(b), the maximum value of local porosity in the interlayer zone increased
with the increase of time interval, which is in good agreement with the interlayer bond
strength in the previous section. The specimen with a 20 s of time interval shows the
minimum value of average local porosity at the interface (Figure 7.14(b)) among all
specimens, which seems to be the main reason for its highest bond strength in Figure
7.12. Extending the time interval between two layers may lead to a high concentration
of macropores distributed along the interface, which is a possible reason for the higher
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Figure 7.10: An example: (a) A typical load and displacement curve of the uniaxial tensile test; (b) The corresponding DIC
analysis of the specimen.
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Figure 7.11: Load vs. displacement curves of uniaxial tensile tests at the material age of 7 days: (a) Time interval-20 s; (b) Time
interval-1 min (also known as nozzle standoff distance-0 mm); (c) Time interval-10 min; (d) Nozzle standoff distance-5 mm;
(e) Nozzle standoff distance-10 mm; (f) Cast.
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Figure 7.12: Uniaxial tensile strength results at the material age of 7 days: (a) Different time intervals; (b) Different nozzle
standoff distances.

maximum value of local porosity in the interlayer zone of sample 10 min. As shown in
Figure 7.15, the extruded layer exhibited a rough top surface. For a short-time gap (20 s
and 1 min in this study), the stress from the upper layer could result in a slight
deformation of the bottom layer. Since the substrate has a relatively lower surface
tension, the load induced by the weight of the top layer might rearrange the orientation
of the top surface of the substrate (bottom layer), and it might increase the interacted
bond area between two layers [2]. However, after 10 min, the deformation of the
substrate (after depositing the top layer) may be decreased due to the growth of
material stiffness that is attributed to the cement particle flocculation and nucleation,
as well as water loss induced surface drying process. The surface tension of the bottom
layer was also increased. It results in less amount of interacted bond areas between the
old and new layers. Many unfilled areas were kept forming the ‘wide’ macropores
between two layers. This is also evident in Figure 7.16. In comparison with other
samples, sample 10 min showed massive macropores that have large pore widths (>2
mm). Most of those macropores distributed at the sample height of 12-13 mm.
Consequently, for sample 10 min, the maximum value of local porosity was also found
in this height range (see Figure 7.13). Therefore, extending the time interval could
increase the number of ‘wide’ macropores at the interface area, which increased the
value of local porosity.

NOZZLE STANDOFF DISTANCE

The samples made with different nozzle standoff distances showed a close result of the
maximum value of local porosity in the interlayer zone in Figure 7.14(b). As mentioned
earlier, the dropped layer process, because of the increased nozzle height, could
increase the possibility of inaccurate layer deposition, which may reduce the contact
area between two adjacent layers. The variable contact pressures and surface areas
between two layers induced by the inaccurate layer deposition could result in the high
scatter of the test results [29] (see Figure 7.2(a)). Therefore, it is essential to keep the
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nozzle standoff distance within a valid range during the printing process. A real-time
height measurement device and a feedback system that were reported by Wolfs et al.
[30] could be employed for an inline control of the nozzle standoff distance in practice.

Figure 7.13: Air void content and distribution (local porosity) of different samples made with various printing parameters. The
gray line represents the individual computed result. The black line indicates the average relation.

7.5.3. MODELING RESULTS

CALIBRATION

Through a trial-and-error process, the input elastic modulus and tensile strength of the
lattice element have been determined as 25 GPa and 9 MPa, respectively. As shown in
Figure 7.17, with the aforementioned parameters, the modeling results of cast samples
show reasonable agreement with the experimental results in terms of the pre-peak part,



7.5. RESULTS AND DISCUSSION 199

(a)

(b)

Figure 7.14: (a) Total porosity in the interlayer zone; (b) The maximum value of local porosity in the interlayer zone. Interlayer
zone: 10.5-13.5 mm in the height of the sample.



7. EFFECT OF PRINTING PARAMETERS ON INTERLAYER BOND STRENGTH OF 3D PRINTED
200 LIMESTONE-CALCINED CLAY-BASED CEMENTITIOUS MATERIALS

Figure 7.15: [llustration of the influences of extending the time interval on air void formation at the interface.

especially the tensile strength. The crack is localized in the middle area of the sample.
However, a brittle post-peak behavior is observed in the simulation. This is mainly
attributed to the fact that the constitutive relation of the local elements is assumed as
elastic-brittle. As pointed by Zhang et al. [31], the strain-softening behavior at the
microscale must be considered in the mesoscale model for quantitative prediction of
fracture behavior of cementitious composites. Additionally, as a 2D model was used in
the current study, the crack cannot propagate out-of-plane. This also contributes to the
brittle post-peak behavior. Possible solutions would be deriving the local elastoplastic
constitutive relations from experiments or simulations at a lower scale (i.e., microscale)
as performed in [10, 20, 31-33]. Nevertheless, the purpose of this study is to show the
potential of the mesoscale model and not to have an ‘exact’ match.

MODELING RESULTS OF PRINTED SAMPLES
The mechanical properties of the material made from different parameters were
investigated by the 2D lattice fracture model. Figure 7.18 shows the simulated
load-displacement curves by keeping the input but varying the 2D material structure
(the segmented binary image). A variation appeared between different 2D material
structures due to the heterogeneous nature of the cementitious material.

Figures 7.19 and 7.20 show the fracture pattern of the simulated specimens. All the
cracks are localized in the middle part of the sample, where the notches are presented.
It is in accordance with the experimental observation (see Figure 7.10(b)). Besides, it
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Figure 7.16: (a) Illustration of pore width determination; (b) Pore width distribution of different samples (results of 40 cross-
sections for each sample were plotted) in the interlayer zone (10.5-13.5 mm in height).
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@
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Figure 7.17: (a) The simulated load vs. displacement curves of the cast specimens; (b) The simulated crack pattern (Left: initial
specimen; Right: fractured specimen). Pink area-cementitious material; White area-air void; Black area-crack opening.
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Figure 7.18: Simulated load vs. displacement curves of uniaxial tension tests: (a) Time interval-20 s; (b) Time interval-1
min (also known as nozzle standoff distance-0 mm); (c) Time interval-10 min; (d) Nozzle standoff distance-5 mm; (e) Nozzle
standoff distance-10 mm.
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Figure 7.19: The simulated fracture patterns for different printed specimens (Left: initial specimen; Right: fractured specimen):
(a) Time interval-20 s; (b) Time interval-1 min (also known as nozzle standoff distance-0 mm); (c) Time interval-10 min. Pink
area-cementitious material; White area-air void; Black area-crack opening.
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Figure 7.20: The simulated fracture patterns for different printed specimens (Left: initial specimen; Right: fractured specimen):
(a) Nozzle standoff distance-5 mm; (b) Nozzle standoff distance-10 mm. Pink area-cementitious material; White area-air void;
Black area-crack opening.
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can be observed that there is a tendency for cracks to propagate along the air voids, and
this tendency becomes more evident in the simulated specimen with 10 min time
interval. Thus, it confirmed that the local porosity in this area played a dominant role in
the interlayer bond strength. Figure 7.21 shows a comparison between the predicted
tensile strength and experimental results. In general, the predicted results correspond
well with the experiments. The only exception is specimen 10 mm due to the
heterogeneous nature of the cementitious material. The predicted result is higher than
the experimental result but still the error is less than 15%. Therefore, the 2D model in
this study can give reasonable predictions and catch the trend of the strength variation
along with the material structure.

Figure 7.21: Comparison between the modeling and experimental results.

7.6. CONCLUSION
HE following conclusions could be drawn in this chapter:

* The specimen with a 20 s of time interval showed the highest interlayer bond
strength compared to that of other specimens, which may be attributed to its
lowest local porosity at the interface. As the increment of the time interval (from 1
min to 10 min), the interlayer bond strength of printed specimens was reduced at
most 13% in comparison with the cast specimens. The reduction in bond
strength with prolonging the time interval was due to the increase of local
porosity, which was attributed to the increased number of ‘wide’ macropores
(pore width>2 mm) in the interlayer zone.

* By increasing the nozzle standoff distance, limited effects on bond strength in the
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interlayer zone have been observed. The possibility of inaccurate layer deposition
was increased by increasing the nozzle height, which increased the scatter of
uniaxial tensile test results.

The predicted results of bond strength from the 2D lattice fracture model
corresponded well with the experimental results of the uniaxial tensile test. In the
model, the local strength of the elements is not changed when the time interval
between the layers increases. Since the predicted strength is similar between
experiment and model, it can be concluded that the effect of short time intervals
(20 s - 10 min) has no (or minimal) influence on the bonding of the material. The
strength seems to be only influenced by the local porosity. If the time interval
would increase further, the bonding between the materials is probably also
affected.

Due to the limitation of the 2D lattice fracture model, it is worthwhile to employ a
3D lattice fracture model to obtain more insights in the fracture mechanics of 3D
printed cementitious materials in further study.
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CHALLENGES AND OPPORTUNITIES
FOR IMPLEMENTING 3D CONCRETE
PRINTING IN BUILDING
CONSTRUCTION

The objective of this chapter is to discuss the challenges and opportunities of
implementing 3D concrete printing in building and infrastructure construction,
considering its technical, sustainability, and economic potentials. Most of the raised
points in this chapter are common issues of 3D concrete printing industry.

Parts of this chapter were published in Heron 62, 167 (2017) and Cement and Concrete Research 132, 106040
(2020) [1, 2].
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8.1. INTRODUCTION

HE developed 3D printable cementitious materials in this thesis can manufacture a

lab-scale prototype (see Figure 8.1). However, it may still be a long way to widely
use such materials in practice since most of the techniques related to extrusion-based
3D concrete printing (3DCP) are currently under development. This chapter aims to
discuss the concerns, barriers, and state-of-the-art solutions for using 3DCP in building
and infrastructure construction. Technical challenges concerning, i.e., on-site printing,
reinforcement placement, standardization, and durability, were initially summarized. In
addition, discussions about manufacturing calcined clay sustainably and economically,
and fabricating complex-geometric/topology optimized structure elements were given.

Figure 8.1: A lab-scale prototype was fabricated by using a limestone-calcined clay-based cementitious material developed in
this thesis.

8.2. TECHNICAL CHALLENGES

8.2.1. ON-SITE PRINTING
UE to the absence of formwork, curing of 3D printed cementitious materials
D at a very early age (during printing) remains a critical issue for researchers [3].
Difficulties in printing environment control may lead to rapid water loss from the
deposited materials. This can lead to the weak adhesion between layers [4-6] and
severe plastic shrinkage cracks (see Figure 8.2), which affect the final mechanical
performance and durability of the printed cementitious materials. For improving the
early-age plastic shrinkage, the increase of internal curing using saturated lightweight
aggregate or chemical admixtures (e.g., shrinkage reducing agents) have been proposed
as a solution by [7].
Water evaporation induced by dry air, wind and/or high ambient temperature
during printing should be prevented [4]. Using a curing compound might be a solution,
but the impact on bond strength must be considered. Performing 3DCP construction in
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a temporarily controlled environment could also be a favorable solution. For example,
Apis Cor did 3DCP construction in a temperature-controlled tent to control water loss
during the printing process [7]. Other challenges of on-site 3DCB i.e., transportation
and assembly of the printing system, process-induced effects, and construction
management, need to be thoroughly considered [8].

Figure 8.2: Drying plastic shrinkage induced cracks on the printed cementitious materials, adapted from [3].

8.2.2. REINFORCEMENT PLACEMENT

Structural safety seems to be a significant concern towards rapidly developing and
spreading 3DCP [9]. Being quasi-brittle, concrete is weak in tension and shows poor
ductility. Steel reinforcement is the most common way to solve this problem in
conventional concrete. However, it is quite difficult to lay steel reinforcement
automatically and directly in the 3DCP process [10, 11]. Many approaches have been
introduced for reinforced 3DCP, which are summarized in Table 8.1.

Steel rebar reinforcement (manual)

As shown in Figure 8.3(a), printing concrete formwork, placing steel rebars, and
pouring fresh concrete is currently one of the most generic and applicable strategies for
3DCP to make load-bearing structural components. However, this method limits many
potential advantages of 3DCP [12]. Besides, an external reinforcement system can also
be applied in fabricating 3D printed concrete structures (see Figure 8.3(b)), according
to [13]. A structural component is divided into several segments that are printed
separately. Afterwards, these printed segments are connected and assembled into the
final element along with a unique steel reinforcement system.

Mesh reinforcement

As shown in Figure 8.3(c), the mesh reinforcement is pre-installed, and the fresh
cementitious materials are deposited through two nozzles on either side of the
pre-installed mesh reinforcement. This method was firstly presented by a Chinese
construction company Huashang Tengda 1td and was improved by Marchment and
Sanjayan [14]. Instead of a large-scale pre-installed steel mesh, which mostly limited
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the design freedom, the authors [14] embedded multiple short meshes during printing.
By employing a novel nozzle, a mesh segment is introduced vertically while the
deposition of material layers. The small mesh reinforcements are also lapped in the
interlayer for enhancing the bond strength (see Figure 8.3(d)).

Fiber reinforcement

Bos et al. [9] pointed out that fiber-reinforced cementitious materials with adequate
tensile strength and elasticity could be developed for additive manufacturing. As they
mentioned, two challenges remain to impede the use of fiber reinforcement in 3DCP.
First, blockage, segregation, and uneven distributions (in quantity and orientation) are
not avoided even only with 1-3 vol.% of fibers in the printable concrete. Second, how
can we ensure that fibers can effectively pass-through between filaments? To date,
many attempts [15-21] using different types of fibers have been made to develop 3D
printable fiber-reinforced cementitious materials. However, solving such problems,
especially the second one, by the current 3DCP process is still challenging.

Cable reinforcement

The use of cable reinforcement based on the idea from [22] as a more advanced concept
is initially proposed by studies [12, 23]. An entrainment device that can embed various
types of metal cables during printing has been developed and used by the 3DCP
research group at TU Eindhoven since 2017. In their tests, significant post-crack failure
strength and deformation capacity of steel cable-reinforced concrete have been
obtained [12]. This technique was successfully employed to build the first 3DCP bicycle
bridge in Gemert, Netherlands [24]. Similar approaches and experimental tests of 3D
printed cementitious materials with cable reinforcement are reported by [25, 26]
recently. Carbon-cable is also feasible to be employed in this technique [27].
Nonetheless, as with fiber reinforcement, cable reinforcement cannot increase the
layer-to-layer interface tensile strength of printed concrete.

Penetration of steel reinforcement

Penetrating steel reinforcement, such as nails, screws, deformed and helical bars, is
used to enhance the vertical layer-to-layer bonding of the printed structure (see
[28-30]). This technique is defined as a layer penetration reinforcing method (LPRM) by
Marchment and Sanjayan [29, 31]. They stated that a fixed number of layers is printed
initially, and the pre-cut reinforcement is vertically penetrated in the deposited fresh
layers afterwards. A secondary robot or a specific attachment of printhead is employed
to place steel bars automatically. However, the automated penetration system is still
under investigation currently. In works [28-30], the steel reinforcement is manually
inserted into the fresh layers. Using this method, Marchment and Sanjayan [29] found
that both deformed and helical bars could enhance the flexural strength of the printed
sample with reinforcement. The slippage of reinforcements is regarded as the failure
mechanism of all tested samples. Thus, the bond between the inserted bars and
cementitious materials may play the dominant role. Perrot et al. [30] pointed out that
nails with a rough surface are recommended for achieving a good bond with
cementitious materials. They also reported that the penetration force of nails is
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influenced by the rheological behaviors of the printed cementitious materials,
including both initial yield stress and structuration rate.

Table 8.1: A summary of the available reinforcement approaches for 3DCP.

Type Material Iustration Reference
Steel rebar  Steel rebars. See Figures 8.3(a) and  [13,24]
reinforcement 8.3(b).
(manual)
Mesh Steel meshes. See Figures 8.3(c) and  [14]
reinforcement 8.3(d).
Fiber Steel, carbon, basalt, See Figure 8.4(a). [15-21]
reinforcement polyvinyl-alcohol,

polypropylene,  glass,

and other fibers.
Cable Steel, carbon, and other ~ See Figure 8.4(b). [23, 25, 27, 35]
reinforcement cables (or chains).
Penetration Nails, screws, steel See Figures 8.4(c) and  [28-31, 34]
of steel  rebars. 8.4(d).
reinforcement

8.2.3. STANDARDIZATION

There are no standards, norms or guidelines specifically available for printable concrete
[9, 36, 37]. 3DCP is an emerging technique for concrete fabrication. Current research
efforts are built on the experiments from only a limited number of academic
institutions. For the use of 3DCP in building and construction sector, standards for
material making and testing, manufacturing process, and structural design are highly
demanded [9, 36]. Although there is no standard or guideline in the material section,
several specific test methods are designed to evaluate fresh and hardened properties of
3D printable cementitious materials (see Section 2.4, Chapter 2). With the rapid
development of 3DCB, the existing test methods will be improved, and more predictable
processes will be designed. Standards for printable concrete will be released in the
future. Additionally, as mentioned by Wolfs [38], the ‘design by testing’ approach can be
applied in the case of using the large-scale printed structural component in practice.
The legal framework of ‘design by testing’ approach is provided by Eurocode [39]. For a
proper understanding of scale effects and structural properties, large scale testing of 3D
printed structural elements is adopted (see Figure 8.5).

8.2.4. DURABILITY

The durability of 3D printed concrete elements is also a concern to impede the
implementation of 3DCP in building construction. However, durability aspects have
not yet been prioritized in the current studies of 3DCP. For implementing 3D printed
concrete components in practice, more attention should be paid to the long-term
performance of printed concrete. The reasons are given as follows. First, detrimental
effects on concrete and reinforcement performances induced by the addition of
chemical admixtures, e.g., accelerator, retarder, and viscosity modifying admixture,
need to be studied [40]. Second, the interlayer of printed structure with a high porosity
leads to not only weak bonding strength but also high water permeability and chloride
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Figure 8.3: (a) Steel reinforcement and 3D printed concrete formwork by Winsun, adapted from [32]; (b) External steel
reinforcement system connected with 3D printed concrete segments, adapted from [13]; (c) Pre-installed mesh reinforcement
method by Huashang Tengda Itd, adapted from [14]; (d) Mesh insertion and embedment method, adapted from [14].
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Figure 8.4: (a) 3D printed cementitious materials with fiber reinforcement, adapted from [17]; (b) 3D printed cementitious
materials with cable reinforcement, adapted from [33]; (c) Illustration of screw reinforcement for 3D printed cementitious
materials, adapted from [34]; (d) 3D printed cementitious materials reinforced by penetrated steel rebars, adapted from [31].
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Figure 8.5: The test setup for large-scale 3D printed structural elements in TU Eindhoven, adapted from [38].

penetration levels [40-42]. Third, owing to the high content of binding materials
(especially Portland cement) in available 3DCP recipes, shrinkage and creep of
large-scale 3D printed concrete should be investigated. Other durability issues related
to material compositions and environmental conditions, i.e., carbonation, and
freeze-thawing degradation, should be considered regarding the material composition,
specific function, and requirement of printed concrete elements.

8.3. ENVIRONMENTAL AND ECONOMIC POTENTIALS

8.3.1. FLASH CALCINATION OF CLAY

S mentioned in Chapter 2, the production of calcined clay is also a process that
A consumes energy and emits CO,. There are three stages to manufacturing calcined
clay or metakaolin on an industrial scale, including the initial grinding/selection, rotary
kiln calcination, and the grinding of calcined materials. More recently, flash calcination
(see Figure 8.6), as a more advanced method, is employed to produce metakaolin [43]. A
comparison between rotary kiln and flash calcination processes is given in Table 8.2. It
could be found that the calcination time of flash calcination method is much shorter
than that of rotary kiln. The heating temperature in the flash calcination process is
increased by about 150-500 °C, whereas the total energy consumption is reduced
compared to rotary kiln calcination. Because of the rapid release of water vapor,
calcined clay produced by flash calcination displays a bit higher specific surface area
(SSA) and reactivity than that made by rotary calcination [44, 45]. However, contrary
results were reported by [43, 46]. The authors found that flash metakaolin showed a
higher circularity and lower SSA than rotary-kiln metakaolin. The chemical and mineral
properties of metakaolin are not modified by using different calcination methods. The
different findings in various studies may be attributed to the different raw materials and
calcined procedures.

From a sustainable point of view, flash calcination seems to be the optimal option
for producing calcined clay. However, it is worth noting that the initial investment of this
technique is about twice of the retrofitted kiln [47]. Besides, the optimal flash calcination
process for achieving the metakaolin with the ideal physical properties (fineness, SSA,
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Table 8.2: Comparison between rotary kiln and flash calcination processes [43, 47].

Rotary kiln calcination

Flash calcination

Calciner The specific rotary kiln for The optimized flash calciner with
producing metakaolin. Or a ahighinitial investment.
retrofitted calciner based on a
clinker kiln (examples in Cuba).

Calcination 700-850 °C 1000-1200 °C

temperature

Calcined time

3-5h.

A few tenths of a second (heated to
reach 700 °C and quickly cooled to
100 °C).

Grinding  after  Yes (due to the agglomeration). No (insufficient time to
calcination agglomerate).

Energy 3235 M]J/t. (Equal to 43% of clinker 2775 MJ/t. (Equal to 37% of clinker
consumption production in Cuba). production in Cuba).

Solid input

Air input

Solid + Gas output

Figure 8.6: Illustration of the working mechanism of a flash calciner, adapted from [43].

and morphology of particles) is still under investigation [48].

8.3.2. PRINT IN A SMART AND EFFICIENT WAY
3DCP can be used to manufacture customized/complex geometric elements directly,
which is an enormous advantage over conventional concrete construction. As reported
by [40], using the mold-cast method is difficult to produce a concrete structure with
complex geometry economically, which requires the employment of wasteful,
one-time-use molds. In contrast, 3DCP does not need any formwork principally. The
unit cost of digital fabrication (3DCP in this context) shows a very flat curve with
increased complexity in Figure 8.7. The authors also believed that continued research
and development of additive manufacturing could significantly enhance the
cost-efficient of components with low complexities and the demand of highly complex
building components.

Lim et al. [49] identified that the 3D model could be optimized for strength before
concrete printing, and thus the final print only requires the minimum amount of
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Figure 8.7: In both graphs, the dashed and solid curves represent digital fabrication and conventional construction,
respectively. Top: Unit cost vs. complexity of building component. After the break-even point, using additive manufacturing
shows great economic potential. Under the driving force of research, the break-even point can be shifted to the left. Bottom:
Market volume vs. complexity of building component. With the development of digital fabrication, the demand for higher
complexities is increasing. Adapted from [40].

concrete. According to Tay et al. [10], topology optimization and finite element analysis
can be utilized to generate optimized designs for 3DCP elements. Combined with
topology-optimized structural design methods, 3DCP becomes a more functional and
sustainable fabrication method in practice. About 50% of environmental impacts can
be reduced by employing additive manufacturing of concrete with structural
optimization in comparison with conventional construction [50].

As shown in Figure 8.8, a lab-scale post-tensioned concrete girder with a 4 m span
was fabricated by connecting several 3D printed concrete segments at Ghent University.
In this case, the concrete distribution, shape, and curvature of the post-tension cable
are optimized using topology optimization techniques. Compared with a T-section
girder with the similar size and deflection (under the same load), more than 20 vol.% of
concrete materials are saved in the optimized concrete girder [51, 52]. Note that 3D
printed concrete segments can be regarded as permanent formwork in this project. The
internal cavity of these printed components is filled by grout, which is the same as the
method adopted in the 3DCP bicycle bridge in Gemert [51].

However, the advantages of 3DCP are strongly limited by the printing capability of
the system. Structures like arch, vault, and dome shapes, are a bottleneck challenging
the current 3DCP technique. Perkins and Skitmore [54] offered one method for 3D
printing to handle those special structures by simultaneously printing another material
in the void, creating a kind of scaffold. The supporting parts can be removed once they
are no longer required. The method is quite like the printing flow of Fused Deposition
Modeling (FDM). Two types of materials for printing and supporting, respectively, are
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Figure 8.8: A lab-scale 3D printed and post-tensioned concrete girder constructed at Ghent University, adapted from [51, 52].

Figure 8.9: Illustration of the working mechanism of FDM, adapted from [53].

extruded through two nozzles separately (see Figure 8.9). The support material is
applied to print a support structure to avoid collapsing of the printed structure.
Subsequently, the support structure will be removed [53]. This idea has also been
demonstrated by [49, 55, 56]. Lim et al. [55] utilized a gypsum-based material as
support material, for it is low strength and can be easily removed as well as 100%
recycled. Besides, as mentioned by Wolfs [38], the coarse lightweight filler can also be
employed as the temporary support material to provide the support of layers in vertical
and horizontal directions during 3DCP (see Figure 8.10). Nonetheless, more
maintenance, cleaning, and control are required for operating such a support structure
[49].

Inspired by masonry strategies for constructing cantilevers, vaults, and domes
hundreds of years ago, attempts to build cantilevers using 3DCP without any temporary
support were made by [57]. The authors identified the parameters (i.e., support, initial
brick stress state, and layer continuity) that dominate the structural stability of
cantilevers in masonry construction and then shifted these parameters into 3DCP for
reproducing such structures. Also, they proposed the guidelines for designing printable
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(@ (b)

Figure 8.10: Examples of using the temporary support material during printing: (a) A normal trial; (b) A failed trial. Adapted
from [38].

geometries and for generating the optimal printing toolpath considered fresh-state
behaviors of materials (yield stress, structuration rate, and others). To validate the
identified constraints, the designed domes and Nubian vaults have been successfully
printed based on the generated printing toolpaths, as seen from Figure 8.11.

8.4. CONCLUSION

T HIS chapter discussed the challenges and opportunities of implementing 3DCP
in building and infrastructure construction, considering its technical, sustainability,
and economic potentials. The following points could be summarized:

° On-site printing: the curing of printed cementitious materials is strongly
influenced by the ambient temperature and humidity, and seems to be a main
constraint to impede the on-site printing.

* Reinforcement: the proposed reinforcement methods for 3DCP include steel
rebar reinforcement (manual), mesh reinforcement, fiber reinforcement, cable
reinforcement, and penetration of steel reinforcement. Among of them, only the
penetration reinforcing method and mesh reinforcement could effectively
enhance the interlayer bonding of printed structures.

e Standard: the norm for printable concrete is currently unavailable. In the
material sector, specific test methods are designed to evaluate fresh and
hardened properties of 3D printable cementitious materials. In the aspect of
structural design, the ‘design by testing’ approach can be employed.

* Durability: the durability issues related to the effects of chemical admixtures, the
interlayer with high porosity, high content of binding materials, and other factors
need to be considered in practice.

* Calcined clay: using flash calcination may be the most sustainable way to produce
calcined clay. However, the high initial investment of this technique should be
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(@)
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Figure 8.11: (a) 3D printed domes (Left: constant layer thickness; Right: variable layer thickness); (b) An example of a 3D
printed Nubian vault. Adapted from [57].
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considered.

Complex geometric structure: the fabrication of geometrically-complex/topology
optimized concrete components in a sustainable and cost-efficient way is one of
the primary advantages of using 3DCP compared to the conventional mold-cast
method. Many strategies, i.e., printed formwork, temporary support,
optimization of printing geometry and toolpath, can be employed to improve the
printing capability of the current system.
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CONCLUSIONS AND
RECOMMENDATIONS

In this chapter, retrospection, conclusions and findings of this Ph.D. thesis are summarized
and discussed. Additionally, suggestions are given for possible further work.
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9.1. RETROSPECTION

HE main goal of this thesis was to develop sustainable cementitious materials

for extrusion-based 3D concrete printing (3DCP) by using the ternary blend of
limestone, calcined clay, and Portland cement (PC). Pumpability, extrudability, open
time, and buildability are widely accepted criteria for a cementitious material to be 3D
printable. When the 3D printing setup and printing parameters are kept identical, these
engineering features are dominated by the rheological and thixotropic properties of
fresh mixture that depend on the binder composition, the type and gradation of
aggregate, the water to binder ratio, the binder to aggregate ratio as well as the type and
dosage of admixture. It would be too complicated to study all material parameters for
developing printable mixtures. Thus, considering the research necessity and feasibility,
three main material parameters, i.e., different replacement levels of PC by limestone
and calcined clay, different dosages of viscosity modifying admixture (VMA), and
different grade levels of calcined clays, were selected for investigation. Moreover, the
layer adhesiveness/interlayer bonding is believed to be a weakness in a printed
structure. A high air void content at the interface is observed in many printed
specimens with a weak interlayer bonding. The characterization of air voids in printed
cementitious materials is therefore required. Besides, the interlayer bonding between
two adjacent layers is strongly influenced by the printing parameters, e.g., time
intervals and nozzle standoff distances, which should be investigated as well. In this
thesis, the following attempts were made to achieve the research objectives.

Chapter 3 investigated the effects of different PC replacement levels by blends of
calcined clay and limestone on 3D printability, stiffness evolution, and early-age
hydration. For developing the printable mixtures, slump, slump flow, and water
retention tests were employed. Afterwards, inline printing methods (definition: see
footnote in Section 2.4.1), i.e., extrudability window and buildability tests, were
conducted to evaluate the printability of the developed mixtures. For determining the
impacts on stiffness evolution within the first 3 hours (the critical period for printing a
large component), initial setting time and the total specific surface area at 1 h and 3 h
were measured. Additionally, the influences on early-age hydration and strength
development were quantified.

In Chapters 4 and 5, the effects of different dosages of VMA and different grade
levels of calcined clays on fresh-state behaviors, 3D printability, and hardened
properties of limestone-calcined clay-based cementitious materials were investigated.
For assessing the abovementioned material properties, both offline (definition: see
footnote in Section 2.5) (flowability, ram extrusion and green strength) and inline
(extrudability, open time, and buildability) tests were executed to quantify the fresh
properties and 3D printability of studied mixtures. Meanwhile, the impacts on the
hydration, mechanical performance, and air void content of printed samples were
determined using isothermal calorimetry, compressive strength (7 days) testing, and
X-ray computed tomography scanning.

In Chapter 6, a systematic characterization of the typical air void system of 3D
printed cementitious materials via digital image analysis was given. Two limestone and
calcined clay-based 3D printable cementitious materials with different interlayer
properties developed in Chapter 5 were used to prepare the printed samples. Optical
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image scanning and X-ray computed tomography were employed to acquire digital
images for determining air voids characteristics of printed cementitious materials, i.e.,
content, distribution, size, and shape. In addition, possible reasons for air void
formation in printed cementitious materials, and the pros and cons of two employed
methodologies were discussed.

Chapter 7 studied the impacts of different printing parameters, including time
intervals, and nozzle standoff distances, on interlayer bonding of a limestone calcined
clay-based 3D printed cementitious material. The printed specimens that contained
two layers were tested in the uniaxial tension under a non-rotational boundary
condition for obtaining the interlayer bond strength. The air void content and
distribution of different printed specimens were characterized using X-ray computed
tomography and digital image analysis. Finally, a 2D lattice model was employed to
simulate the uniaxial tensile test of printed samples containing different air void
contents at the interface.

Chapter 8 discussed the concerns, barriers, and state-of-the-art solutions for
implementing 3DCP in building construction.

9.2. CONCLUSIONS

9.2.1. GENERAL PRINCIPLES OF 3D CONCRETE PRINTING
ENERAL conclusions for the development of 3D printable cementitious materials
were summarized as follows:

» Three critical stages are considered for thoroughly determining 3D printability of
fresh cementitious materials.
Stage 1. Flow under shearing. In the beginning, the fresh mixture should exhibit
proper flowability and pumpability under a constant shear force provided by the
pump. However, due to the stiffness evolution and ongoing hydration of
cementitious materials, the workability of fresh mixture changes with time. Open
time is, therefore, required to be quantified at this stage. Besides, slump flow, ram
extrusion, pumpability, and extrudability tests can be conducted to quantify the
material properties. Accordingly, the suitable printing speed and material flow
rate are obtained regarding the rheology of studied mixtures and the capability of
printing setup.
Stage 2. Layer stacking within the open time. After extrusion, the deposited
material swifts from a dynamic status to a static status. Due to the thixotropy, the
deposited layer immediately emerges with certain yield stress that could retain its
shape with the limited deformation under the load from upper layers; even the
material is still within the open time. The buildability test is suitable to be applied
in this stage. Consequently, the ideal layer thickness and vertical building rate for
avoiding the printed structure collapsing are determined.
Stage 3. Green strength/stiffness evolution. To fabricate a large concrete
component, 3-4 h continuous printing appears to be required. The deposited
layers should show a high structural build-up to ensure structural stability during
this period. Green strength test can be used to effectively monitor the very
early-age strength development of studied mixtures, especially after their initial
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set. As an output, the maximum layer number/printed structure height for one
printing session can be predicted concerning the predefined printing parameters.

* Offline methods are more efficient and appropriate than inline printing
characterizations at the initial stage of new material development.
Most of material engineering properties, i.e., pumpability, extrudability, and
buildability, need to be examined by using the specific inline test methods.
However, such tests are accompanied by massive time and material
consumption, as well as intensive labor works, even under a lab-scale.
Additionally, at the initial stage of new material development, large quantities of
trial-error-based processes are highly demanded. Thus, offline characterizations
of fresh mixtures are suggested to be employed before inline printing validation.
In the present study, offline methods, such as slump, slump flow, ram extrusion,
green strength, and Vicat penetration (setting time) tests, were applied, which
could not only efficiently characterize the fresh-state behaviors of studied
mixtures but also provide indicators for developing similar materials in further
study. Nevertheless, it is worth noting that not all the aforementioned offline
methods are useful for all types of printable cementitious materials.

° The development of printable cementitious materials cannot be seen as
independent from printing setup, process, and end application.
Except for the rheology of fresh cementitious materials, the printability is related
to the printing speed (nozzle moving speed and material flow rate), object size
(toolpath length), object geometry, time gap between layers, nozzle standoff
distance, the start printing time, and ambient condition (temperature and
humidity). Besides, a cementitious material is printable using one 3DCP setup,
whereas it might be invalid or show different behaviors using others. For
printable cementitious materials, the 3DCP setup and printing process define the
upper and lower bounds. Thus, the printability of a developed cementitious
material in this context should be regarded as a relative result. All these printing
parameters belong to the boundary conditions, which need to be clarified.

9.2.2. MAIN CONCLUSIONS OF THE THESIS
n Main concluding remarks of the thesis were drawn and highlighted as follows:

* Physical and/or chemical characteristics of supplementary cementitious
materials (calcined clay), i.e., morphology, fineness, specific surface area, and the
content and type of reactive phases, strongly influence 3D printing. As discussed
in Chapters 3 and 5, the addition of calcined clay can improve buildability and
green strength/stiffness development with time, increase water and
superplasticizer demands, reduce flowability and extrudability. These effects are
further enhanced by either increasing the proportion of calcined clay in the
binder or increasing the dosage of metakaolin in calcined clay. The aforesaid
phenomena can link to the reduction of water film thickness and mean particle
distance, the increase of friction between particles, and the consumption of
superplasticizer, which appears to be attributed to the layered structure, high
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content of reactive aluminate, and high specific surface area of calcined clay.
Since calcined clays provided by different suppliers may exhibit various material
features, systematically raw material characterization is essential before the use
in cementitious materials.

* The dosage of VMA is a critical factor in influencing the fresh and hardened
properties of limestone and calcined clay-based cementitious materials.
Increasing the VMA dosage (from 0.14% to 0.48% of the binder mass in Chapter 4)
can increase the extrusion pressure, buildability, and green strength within the
first 2.5 h. However, increasing the amount of VMA in the mixture can reduce the
flowability and open time as well as delay the cement hydration.

e For many 3D printed cementitious materials with a weak layer adhesiveness, a
high amount of air voids between the layers as a typical phenomenon can be
found. In the printed samples (see Chapter 6), the air voids with the diameter in
the range of 10 um to 1000 ym seemed to be evenly distributed in the layer,
whereas the large air voids (1000-6000 um) were formed mainly at the interface
region. Additionally, due to the possibility of merging and overlapping, the
majority of air voids exhibited irregular and elongated shapes. This could be
attributed to the extrusion and layer-wise manufacturing process in 3DCP.

e Optical image scanning and X-ray computed tomography can be effectively
employed to characterize the air-void system of 3D printed cementitious
materials. Thin/polished section can be used for multi-scale analysis and
observation of air voids, whereas the sample preparation is a challenge. The
sample for X-ray computed tomography can be easily prepared. Nevertheless, the
image resolution is limited for the sample with a relatively large size.

 In the present study, air void content at the interface is believed as a dominant
factor adversely affecting interlayer bond strength. Both material properties and
printing processes influence the formation of air voids between two layers. In
Chapters 4, 5, 6, the fresh mixtures with superior buildability and fast green
strength development showed a high value of local porosity at the interface when
printing parameters were kept constant. In contrast, as mentioned in Chapter 7,
if using the same material, extending the time interval between the construction
of two layers led to a significant increase of local porosity in the interlayer zone,
whereas only increasing the nozzle standoff distance showed limited influences
on that.

9.3. RECOMMENDATIONS FOR FURTHER STUDY

IN this thesis, attempts have been made to characterize the fresh and hardened
properties of limestone-calcined clay-based 3D printable cementitious materials.

Many issues were tackled, whereas others were left for further investigation.

* The present work showed that the addition of calcined clay could significantly
influence the fresh and hardened properties of studied mixtures. Such effects are
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generally ascribed to the features of calcined clay, i.e., layered microstructure,
fine particle size, high specific surface area, and high content of reactive
aluminate phases. However, it is still a lack of study to reveal the mechanism
about how these material characteristics of calcined clay influence 3D printing,
stiffness development, structural build-up as well as hydration of studied
mixtures. Many relevant hypotheses were proposed in Chapters 3 and 5, which
need to be validated in further work.

Investigating the effect of other material parameters, i.e., aggregate to binder
mass ratio (A/B), water to binder mass ratio, and types of superplasticizers and
VMAs on 3D printing of limestone-calcined clay-based cementitious materials.
Among them, increasing A/B could further reduce PC content in printable
mixtures, which is also a strategy for developing sustainable 3DCP, as mentioned
in Chapter 2. Besides, inorganic VMAs, such as micro-/nano-silica, nano-clay,
nano-alumina, and graphene oxide, have great potential to be used in 3D
printable limestone-calcined clay-based cementitious materials. Inorganic VMAs
display minor or even zero inhibition on cement hydration compared to
cellulose-derivative VMAs.

Investigating the effect of other printing parameters, i.e.,, nozzle types, and
printing environmental conditions, on interlayer properties (bond strength and
air void content). The nozzle variables include the flow direction (e.g., down-flow,
back-flow, or hybrid of back- and down-flow), the size and geometry of the nozzle
opening (e.g., round or rectangle). The down-flow nozzle (for both round and
rectangle openings) may enhance the interlayer bond strength of the printed
sample, mostly when the nozzle standoff distance is smaller than the width of the
nozzle opening. This is because the nozzle may add extra force to the deposited
substrate. Besides, exposing the substrate under the drying environment can lead
to many severe issues, for instance, drying shrinkage induced cracking and the
cold joint between layers. Thus, protecting the layer from drying during the
printing process becomes critical in this context.

Investigating the effect of pumping/extrusion process on green strength
development, hydration, and hardened properties of limestone-calcined
clay-based cementitious materials. In this thesis, mold-cast samples were
employed in the green strength test, which overlooks the influences induced by
the pumping/extrusion process. As observed in Chapter 3, the
pumping/extrusion process could increase the temperature and decrease the
initial setting time of fresh mixtures, caused by the friction between the printing
setup (pump, hose, and nozzle) and fresh cementitious materials. Such effects
may accelerate green strength development and cement hydration. Also, the
extrusion/pumping process can influence the shape, size, content, and
distribution of air voids affecting the mechanical performance of both very early-
and later-age specimens.

Modifying the developed limestone-calcined clay-based cementitious materials to
adapt to the printing strategy of set-on-demand. Extrusion of high or sufficiently
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stiff material as the most common printing strategy was employed in this thesis.
However, as discussed in Chapter 2, set-on-demand printing seems to be more
appropriate for implementing 3DCP in large-scale concrete construction.

» Extending research into the directions related to volume stability (shrinkage and
creep) and durability (e.g., carbonation, sulfate attack, chloride penetration,
freeze-thawing, and others) of 3D printed cementitious materials. This study
focused on the fresh-state behaviors, 3D printing, hydration (within 7 days), and
mechanical performance (within 28 days) of limestone-calcined clay-based
cementitious materials. For engineering practice, the long-term performance of
such printed cementitious materials should be considered. It is essential to
evaluate the abovementioned properties of printed samples under different
specific conditions and to find ways to deal with the possible issues in the future.
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