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ABSTRACT

KEYWORDS: Extrusion-based 3D printing; Yield stress-based mix design ap-
proach; Desorptivity; LECA; Thermodynamic-based modelling

Extrusion is a process in which a moldable material is forced through a die to fab-
ricate an element with a desired cross-section. In the construction industry, its use has
been limited to the manufacturing of precast panels and pipe segments. However, with
the recent advent of digital fabrication methods, the extrusion process started to gain
more interest in the construction industry. The most common among the digital fab-
rication methods is extrusion-based concrete 3D printing. It is a technique in which a
structure is built by the layerwise deposition of a continuously extruded material. The
current study presents the mixture development of cementitious materials suitable for
such applications. Two types of 3D printer are used in the study, viz., a small scale
screw pump-based system, wherein the material is conveyed continuously by the use of
an Archimedes screw, and a larger scale piston pump-based system, wherein the mate-

rial is first filled inside a piston-cylinder and then forced out by using a ram extruder.

The study comprises of four stages. In the first stage, the mix development for the
small-scale printer system is carried out. Test methods for assessing various aspects
related to 3D printing such as extrudability, buildability, robustness and the assessment
of structural build-up with time were developed. The role of special additives like
nanoclay, micro-silica and viscosity modifying agent (VMA) in developing extrudable
mixes was investigated. The maximum robustness was obtained for the mix contain-
ing VMA while the structural build-up was maximum for the mix with micro-silica

addition.

The second stage involved the mixture development for the large-scale 3D printer
system. For the large-scale system, a key aspect is the liquid phase separation in the
concrete that may occur due to the high pressure applied during the extrusion process.
Desorptivity, a parameter derived from a soil mechanics theory, was used to assess the

water retention capacity of the mixes formulated for the large-scale printer. The addition
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of methylcellulose was found to increase the desorptivity, and therefore decrease the
tendency for phase separation during the extrusion process. Extrudability tests were
conducted for a wide range of mixes and a desorptivity-based index was proposed to
assess the phase separation during the extrusion process. Further, mixes incorporating
coarse aggregates were also developed. Light weight expanded clay aggregates (LECA)
of maximum size 10 mm were used as the coarse aggregates. It was possible to extrude

mixes with up to 30 % coarse aggregate addition.

For the mixes developed for the larger 3D printer, the buildability was assessed us-
ing uniaxial compression tests on fresh concrete, performed after different rest durations
of 0 to 420 minutes after casting. For both mixes with and without LECA addition, the
younger specimens (up to 180 min) showed an elasto-plastic type response, while the
older ones (beyond 180 min) exhibited a strain-softening type response, more typical
of hardened concrete. The strength and elastic modulus of the concrete increased with
LECA addition at all ages which may be due to the higher amount of dewatering that oc-
curs with increase in LECA content. Finally, the effect of using low density aggregates

on plastic and buckling type collapse that may occur during printing are also discussed.

The third stage of the study involved the assessment of the mechanical characteriza-
tion of 3D printable concrete. The compressive and flexural strength of printed elements
were determined and compared with normal mould cast concrete. The compressive
strength of the printed concrete was similar when tested in different loading directions
but lower by 12-22 % as compared to the mould cast concrete. The flexural strength
was found to depend on the region subjected to the maximum bending moment. When
tested along the direction where the maximum bending moment occurs at the interfaces
between layers, the flexural strength was lower by about 32-40 % while it was higher
by 13-20 % when tested in directions where maximum bending stress is induced in the
bulk concrete. To understand the effect of interfaces on mechanical behaviour, porosity
assessments and bond shear tests were carried out. It was found that the bulk in 3D
printed elements has a lower porosity as compared to mould cast concrete while the
interfaces are relatively weak with higher porosity. Similar trends were also observed
in comparing the bond shear tests in printed elements with shear strength of mould cast

concrete.
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The fourth and final stage of the study involved developing a rheological model
for cement paste using a thermodynamic framework. In developing the model, it is
assumed that the material has multiple natural configurations, such that the evolution of
natural configuration with time is based on the maximum rate of dissipation criterion.
Thixotropic behaviour was captured in the model by making the Helmholtz potential
as a function of a structural parameter and the rate of dissipation as a function of its
time derivative. To corroborate with experimental results, steady shear and step shear
experiments were performed using cement paste. The predictions from the model were
found to match well with the experimental data. The developed model can be useful in
performing computer simulation of the extrusion process, which can be considered as a

future extension of this work.
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CHAPTER 1

INTRODUCTION

Rapid manufacturing (RM) is a method of fabricating components directly from a com-
puter model, with little or no human intervention (Pham and Gault, 1998). The term,
in general, encompasses a family of digital fabrication techniques like stereolithogra-
phy (Jacobs, 1992), fused deposition modelling (Mohamed et al., 2015), selective laser
sintering (Bourell ef al., 1992) and 3D printing (Gross et al., 2014). Such techniques
have proven to be beneficial in many industrial processes. Many industries such as
automotive, aerospace, and industries manufacturing consumer based products have
been successfully using various RM techniques to optimize the cost and time of their
manufacturing process (Wohlers, 1998). Despite these advantages offered by RM, the
construction industry has not utilized the opportunity yet. It has lagged behind the
other industries in using automation and implementing the same level of technological

advancement (Martinez et al., 2008).

But recently, both industries and academia in the construction sector have begun
active research in developing digital fabrication methods. In this chapter, an overview
about such methods, with a more detailed description on the extrusion-based concrete
3D printing is presented. This is followed by the objectives and the scope of the study.
Finally, the overall methodology adopted in the study and the arrangement of the re-

maining chapters of the thesis is presented at the end of this chapter.

1.1 Digital fabrication methods in the construction in-

dustry

Traditionally, concreting involves the mixing of aggregates, cement, water, and in some
cases supplementary cementitious materials and chemical admixtures. This fresh con-
crete is then transported by various means and then placed. Since it does not have

enough strength to maintain the desired shape in the fresh state, a formwork is needed



to support it. After placing it in the form, the concrete is subjected to compaction for
removing the entrapped air voids. This traditional method is labour-intensive, and the
need for formwork and achieving high compaction provides a restriction on the possible
design and geometry of the structure (Martinez et al., 2008). For instance, Figure 1.1
shows the cost distribution for a typical construction project. More than 50 % of the
total cost is attributed to the cost of formwork and labour (Jha, 2012). Use of digital fab-
rication methods can provide an innovative solution to such problems (Buswell et al.,
2007, 2008; Lim et al., 2012). An extensive review on applying such methods in the
construction industry can be found in the work by Wangler et al. (2016). Mesh mould
casting, particle-bed 3D printing, smart dynamic casting and extrusion-based concrete

3D printing are some methods that have been developed in the recent times.

[ JLabour cost for formwork [lConcrete material cost
[T IMaterial cost for formwork [l Concrete labour cost

Figure 1.1: Cost distribution for a typical construction project (Jha (2012))

Mesh mould casting is a process of fabrication which uses an industrial robot to
bend and weld metal wires to from a three-dimensional mesh structure (see Figure 1.2).
Once the robot completes the mesh fabrication, concrete is poured inside the mesh with

the mesh itself acting as the formwork. Therefore, the digitally fabricated mesh serves



a dual purpose; it acts as the formwork for the fresh concrete, and it also acts as the
reinforcement for meeting the structural requirements (Hack and Lauer, 2014; Hack

et al., 2015, 2017; Sandy et al., 2016; Kumar et al., 2017; Buchli et al., 2018).

Figure 1.2: Mesh mould casting (taken from Buchli ef al. (2018))



Figure 1.3: A column segment fabricated by binder activation technique (taken from
Lowke ef al. (2018))

Another digital fabrication construction method that does not require a component-
based formwork is particle-bed 3D printing. The process essentially consists of two
steps: (i) the deposition of dry particles, and (i1) the application of a fluid phase on top of
the deposited dry particle layer at certain specific locations. Based on a computer model,
the two steps are repeated one after the other until the entire component is fabricated.
Particle-bed 3D printing applicable to construction can be categorized into three sub-
classes, namely, binder jetting, selective binder activation and paste intrusion (Lowke
et al., 2018). In the binder activation technique, the particle bed consists of a mixture
of fine aggregates and cement. The binder present in the particle bed is then activated
by spraying water or a solution of water mixed with chemical admixtures at specific
locations on the particle bed. Figure 1.3 shows a segment of a column fabricated by
binder activation technique. In selective paste intrusion, the particle bed consists solely
of fine aggregates. A paste consisting of cement, water and chemical admixtures are
then sprayed, which intrudes though the particle bed and provides the required binding.
In binder jetting technique, a particle bed consisting of aggregates along with a hardener
is activated by the spraying of a resin. The resin and the hardener then react to bind the
matrix together. Apart from academia, industries have also been actively involved in the
development of particle-bed 3D printing techniques. For instance, a large-scale particle-
bed 3D printer called D-shape was developed by Dini (D-shape, 2019). Figure 1.4

shows a sculpture called *Underwater Moma’ constructed using D-shape.



Figure 1.4: Underwater Moma, a 3D printed underwater sculpture (taken from D-shape
(2019))

Recently, ETH Zurich developed a digital improvisation of conventional slipform-
ing technique called smart dynamic casting (Lloret et al., 2015). In this method, the
concrete is slipformed though a robotically moving formwork. The cross-section of
the formwork is varied dynamically to produce custom-shaped vertical elements such
as that shown in Figure 1.5. The concrete initially enters the slipforming system in a
fluid state, but after exit, it is transformed to a hardened state through hydration control
achieved by adding accelerators in small increments. An inline feedback system is used

to control the rate of the upward movement of formwork (Lloret-Fritschi et al., 2017).



Figure 1.5: A column with varying cross-section fabricated by smart dynamic casting
(taken from Wangler et al. (2016))



1.2 Extrusion-based concrete 3D printing

Extrusion is a process in which a moldable material is forced through a die to fabricate
an element with a desired cross-section. The material is extruded out at a constant
displacement rate, either using a screw-pump-based system, wherein the material is
conveyed continuously by the use of an Archimedes screw, or a piston-pump-based
system, wherein the material is first filled inside a piston-cylinder and then forced out

by using a ram extruder (Perrot et al., 2018).

Figure 1.6: Plate and pipe elements manufactured using extrudable cement composites
(taken from De Koker and van Zijl (2004))

So far, the use of extrusion process has been limited to the manufacturing of small
precast panels and pipe segments (see Figure 1.6). However, with the recent advent of
extrusion-based 3D printing, the process has started to gain more interest in the con-
struction industry. Extrusion-based 3D printing (or simply 3D printing) is a digital
fabrication technique which combines extrusion process with additive manufacturing.
In this method, a structure is fabricated by a layerwise extrusion of cementitious mate-
rials (see Figure 1.7), based on a predefined three-dimensional computer model. For a
typical 3D printing process, the first step is to slice the 3D model in the STL (standard
tessellation language) file format into many individual filament layers and generate a
set of machine instructions called G-codes. This can be achieved by using open source
software like Slic3r (2019). Then, a user-interface/control software is used for com-
municating with the 3D printer using the G-codes. Finally, the material is extruded out
through the print head based on the print path dictated by the G-codes. Instead of us-

ing a separate slicing and user-interface software, programs like Repetier-Host (2019)



can also be used which can serve a dual purpose of both slicing and also provide the

user-interface for controlling the 3D printer.

Figure 1.7: Layerwise deposition of concrete in extrusion-based 3D printing

Extrusion-based 3D printing is the most extensively studied among the different
digital fabrication techniques, by both industries and academia. This is because, com-
pared to other digital fabrication methods, extrusion-based 3D printing is scalable, i.e,
the process can applied to manufacture small architectural elements to very large-scale
structures. The earliest work of using the technology in the construction industry was by
Pegna (1997), and later it was popularized by Khoshnevis who invented the technique
of contour crafting (Khoshnevis and Dutton, 1998). Contour crafting is a 3D printing
technique which uses a side trowel to provide a good surface finish to the extruded fila-
ment (see Figure 1.8). Therefore, print quality is superior in contour crafting compared

to conventional 3D printing techniques (Khoshnevis, 2004; Khoshnevis et al., 2006).

Following the invention of contour crafting, there has been a rapid rise in the use of
3D printing in the construction industry. Figure 1.9 shows its growth in the recent times,
particularly with regard to developing large-scale structures. Today, there are numerous
research groups and also industries working in the area of concrete 3D printing. Among
these, some noteworthy mentions are freeform construction developed at the University

of Loughborough (Lim et al., 2012) and the projects by the companies like Winsun,



ApisCor and TotalKustom. Figures 1.10 and 1.11 show full-scale structures 3D printed

by the companies TotalKustom and Winsun respectively.

Figure 1.8: 3D printed elements with good surface finish by contour crafting technique

(taken

from Khoshnevis (2004))

40

35

30

25

20

15

10

Cumulative number of projects

5

3DCP PRE-STRESSED CONCRETE BRIDGE
TU/e, NL

SINUSODIAL WALL
XtreeE, FR
3D PRINTED HOTEL SUITE
TotalKustom, USA

3DCP ONTO FLEXIBLE SURFACES
TU Delft, NL

6-STOREY APARTMENT BUILDING

WinSun, CN \

CONSTRUCTION-SCALE ADDITIVE
MANUFACTURING PROCESS
Loughborough Univ., UK

FREEFORM CONSTRUCTION,
Loughborough Univ., UK

CONTOUR CRAFTING,
I Univ. of Southern California, USA

N\

%

~
~000000000

~
~

oo\hoooo

N\
e00000

0

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Year

Figure 1.9: Growth of large-scale 3D printing in the construction industry (taken from
Buswell er al. (2018))



(b)

Figure 1.10: (a) 3D printing of a suite room of size 12.5 x 10.5 X 4 m in Lewis
Grand Hotel, Philippines by TotalKustom (b) Completed and furnished
suite room (taken from TotalKustom (2019))
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Figure 1.11: Wave-shaped 3D printed building (taken from Winsun (2019))

1.2.1 3D printer systems and process parameter

The nozzle or the print head of a 3D printer can be mounted either on a gantry or a
robotic arm based system. The gantry system allows 3 degrees of freedom, i.e., move-
ments along X, y and z directions, whereas the use of a robotic arm provides a system
with six degrees of freedom. However, the robotic arm based systems are more expen-
sive and not ideal for large-scale additive manufacturing. The advantage of the robotic
arm based system is that it allows to also print on curved or inclined surfaces. Fig-
ure 1.12 shows examples of gantry and robotic arm based 3D printer systems. The use
of only a three degree of freedom gantry system may cause twisting at the corners of

the extruded concrete filament (see Figure 1.13). Therefore, a gantry system provided
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with an additional fourth degree of freedom that allows for the rotation of nozzle at the

corners is more commonly used.

Hose pipe connected
to pump

Control box .

Figure 1.12: Gantry and robotic arm based 3D printer systems (taken from Tay et al.
(2017))

Figure 1.13: Twisting at the corners of extruded concrete filaments (taken from Bos
et al. (2016))

The process parameters for a 3D printing job include the extrusion speed, nozzle
size and print speed. For an extruded filament to have the same dimension as that of
the nozzle, the print speed should be calibrated based on flow rate from the pump. The

calibration procedure for this will be later illustrated in section 3.2.2.
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1.3 Aim of the current research work

Digital-based fabrication methods have the potential to revolutionize the construction
industry. Reduction in the material wastage and labour cost, faster construction time
and geometric flexibility are the advantages of using such methods. In the preceding
section, the digital fabrication methods that applies to the construction were discussed
in detail. Among these, the most promising is extrusion-based 3D printing. Realiz-
ing its advantages, many countries around the world have started research programs to
develop the technology of extrusion-based 3D printing. Russia, China, United States,
Netherlands, Germany and France are such countries, only to name a few. In a develop-
ing country like India, extrusion-based 3D printing has even bigger potential. Building
of affordable houses for economically weaker section is a major problem concerning
the country. The Pradhan Mantri Awas Yojana-Housing For All scheme (PMAY-HFA,
2019) was initiated in 2015 by the Prime Minister of India to develop affordable houses
for the urban mass. 3D printing can be one of the ways by which the scheme can be
implemented. Due to the faster construction speed, a large number of houses can be
constructed within a short time. Development of fast and form-free precast elements is
another domain where it could find application. But, to make the technology viable, it
is important to understand the material requirements for layer-wise extrudability. This
work aims to provide a better understanding of the cementitious material requirements

suitable for extrusion-based 3D printing.

This work aims to understand the challenges in the mixture proportioning, both for
small-scale laboratory-based and large-scale 3D printers. The work also aims to under-
stand the mechanical behaviour of printed concrete and how its mechanical performance
differs from that of conventional concrete. The need for accurate rheological models is
paramount for applications like 3D printing. However, the existing models are only
one-dimensional and phenomenological. This work aims to develop a complete three-
dimensional rheological model for cementitious systems using a sound thermodynamic

framework.
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1.4 Objectives

1. To develop a systematic mixture design procedure for printable concrete and also,
test methods for the assessment of buildability, extrudability, workability retention

and robustness, using a laboratory-scale 3D printer.

2. To characterize the water retentivity of cementitious materials to predict the occur-
rence of phase separation when high extrusion pressure is applied in large-scale 3D
printer systems. Further, to use this understanding to develop mixes with the incor-

poration of coarse aggregate for the large-scale 3D printer system.

3. To determine the compressive, flexural and bond strength of 3D printable concrete,
along with porosity in the bulk and at the interfaces between layers of 3D printed

specimens in comparison to mould cast specimens.

4. To develop a three-dimensional rheological model that accounts for the yielding and
thixotropic behaviour of cementitious systems. The model can be useful in perform-
ing simulation studies for predicting the deformation in the layers or the occurrence

of failure during the printing process.

1.5 Scope

1. The automation related work necessary for 3D printing is outside the scope of the

current project.

2. The study will be limited to only portland-cement-based materials. Geopolymer and

other alternative binders are not investigated in this study.

3. The special additives considered in the study are Attapulgite clay, hydroxypropyl
methylcellulose (HPMC) and micro-silica.

4. The proposed rheological model is able to account for yielding and thixotropic be-
haviour of cement paste. The effect of cement hydration on rheology will not be
accounted for in the model. The validation of the proposed model is done at a paste

level and not extended to mortars and concrete.
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1.6 Overall methodology and the arrangement of the

thesis

The overall methodology for the entire thesis work is shown in Figure 1.14. Stage 1
involves the mix development for 3D printable concrete using a small laboratory-scale
concrete 3D printer. Test methods for assessing the properties of printable concrete like
extrudability, buildability, robustness and structural build-up are developed. The work
carried out in Stage 1 is presented in the Chapter 3 of the thesis. Chapter 3 includes
the detailed description of the methodology adopted for the experiments and the major

results and conclusions pertaining to Stage 1.

Stage 1 : Preliminary Mix development using a Testlnllethodls forl .
mix development [———> | small lab-scale concrete ———> | extrudability, buildability,
(Chapter 3) 3D printer robustness and structural
build-up
Stage 2: Challenges in Scaling up to a larger .
scaling—up —— | version of conerete 3D ——> ]:’Iﬂ'felolj'1-'fil‘31lt of mixes
(Chapter 4) printer with coarse aggregates
Stage 3: NI(‘.Cha.ﬂlcal Assessment of interface - Effect of layering on of
characterization @ ——— | bondsheartestsand ———> imixes with coarse
(Chapter 5) porosity assessment aggregates
Stage 4: Rheological Rheological model .
model development ——> | accounting for yielding ——> (?Ol]-ob[)ra.tlon of model
(Chapter 6) and thixotropic behaviour with experimental results

Figure 1.14: Flowchart depicting the overall methodology and the arrangement of the
thesis

Stage 2 consists of mix development for a large-scale concrete 3D printer. In this
regard, a key aspect is the assessment of the water drainage that may occur in concrete
when subjected to the higher extrusion pressure in the large-scale 3D-printer system.
Desorptivity is used a fundamental parameter to assess phase separation during the

extrusion process. This understanding is then used in developing additional mixes with
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the inclusion of coarse aggregates. All the work pertaining to Stage 2 including the

methodology is presented in Chapter 4 of the thesis.

In Stage 3, the hardened properties of 3D printable concrete are assessed and com-
parisons are made with respect to conventional mould cast concrete. At first, the effect
of layering is studied using direct bond shear tests as well as by assessing the poros-
ity in the bulk and at the interfaces in the bulk and at the interfaces between layers of
3D printed elements. Then, the influence of layering on the compressive and flexu-
ral strength is investigated. Finally, some perspectives on the structural design of 3D
printed elements are also formulated. The methodology, results and discussions of the

work carried out in Stage 3 are presented in Chapter 5 of the thesis.

Stage 4 involves the development of a three-dimensional rheological model for ce-
ment paste and its experimental corroboration. The model is developed using a ther-
modynamic framework. The yielding and thixotropic behavior of cement paste are
accounted for in the model. The need for such models for applications like 3D print-
ing, the development of the model framework and the experimental corroboration are
presented in Chapter 6 of the thesis. Finally, in Chapter 7, the general conclusions from

the overall study and the directions for future research are discussed.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, a detailed literature review and the need for the current research are dis-
cussed. At first, a literature review on the rheology of cementitious systems is presented.
This is followed by a review on the current approaches for the mixture proportioning
of 3D printable concrete. The different techniques for assessing the resistance against
phase separation that may occur during an extrusion process are also discussed. This is
followed by a literature review on the mechanical properties of 3D printable concrete.
Based on the literature review conducted, the need for the current research is explained

in the final section of this chapter.

2.2 Rheology of cementitious system

Cement paste belongs to a class of non-Newtonian fluids that possess yield stress. When
cement paste is subjected to a constant stress history, with the magnitude of the stress
below a certain stress level, the deformation eventually reaches a steady state. How-
ever, if the applied constant stress is above this critical stress level, the material de-
forms continuously over time, at a reasonably constant rate (see Figure 2.1) (Struble
and Schultz, 1993; Qian and Kawashima, 2016). If the material is subjected to a strain-
sweep experiment in oscillatory shear, the apparent storage modulus of the material can
be observed to decrease drastically when the strain amplitude increases beyond a criti-
cal value. Further, the apparent loss modulus can increase from a relatively low value to
a value higher than the storage modulus at strain levels beyond this critical strain (see
Figure 2.2) (Schultz and Struble, 1993; Qian and Kawashima, 2016). Nehdi and Rah-

man (2004) performed stress-sweep in oscillatory shear and made similar observations.
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Figure 2.1: Creep test at different stress levels on a cement paste sample (taken from
Qian and Kawashima (2016))
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Figure 2.2: Strain sweep test on a cement paste sample (taken from Qian and
Kawashima (2016))

In steady-shear experiments, the stress response of cement paste would eventually

reach a steady state. If the steady-state shear stress is plotted against the respective
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shear-rate, and the variation is extrapolated to zero shear-rate, the corresponding shear
stress is non-zero. The intercept of the variation of steady-state shear stress with shear
rate can be considered as the yield stress of the material (Nessim and Wajda, 1965;
Banfill and Saunders, 1981; Papo, 1988; Papo and Piani, 2004; Fernandez-Altable and
Casanova, 2006; Ferron et al., 2007; Hwang et al., 2009). Further, the slope of the
steady-state stress versus strain rate is not a constant but a decreasing function of the
strain rate. This indicates that cement paste shows a shear-thinning behavior (Lapasin
et al., 1979, 1983; Papo and Piani, 2004; Wallevik, 2005; Jayasree and Gettu, 2008;
Wallevik, 2009).

Cement paste also exhibits thixotropic behavior. When cement paste is subjected
to a steady-shear, the stress initially overshoots to a maximum value and then attains
a steady-state condition. The overshoot has been found to depend on the rest dura-
tion provided prior to the test, while the steady-state stress has been observed to be
independent of the rest duration (Roussel, 2005). Such history-dependent overshoots
in steady-shear experiments are characteristic of thixotropic behavior. Thixotropy can
also be observed in a shear ramp-up and ramp-down test. The area enclosed within
the loop of shear stress vs. shear rate decreases with subsequent cycles of ramp-up
and ramp-down, which is again characteristic of a thixotropic material (Williams et al.,

1999; Papo and Piani, 2004; Banfill, 2006; Jayasree and Gettu, 2008; Wallevik, 2009).

2.2.1 Models to describe the yielding behaviour

The yielding behaviour in cementitious systems is most commonly described by using
the Bingham model. Mathematically, the Bingham model can be represented by the

following equation (Bingham, 1922):

Yield criterion: Y > /I,
Below yield: A= 0, (2.1)
Above yield: Tio = Y +n7y,

where I is the second invariant of the deviatoric stress tensor. The term Y and 7
denote the yield stress and the plastic viscosity respectively. Until the yield criterion
is satisfied, the material remains rigid with no deformation. Once the yield criterion is

satisfied, the material exhibits a liquid-like behaviour (Beverly and Tanner, 1992). A
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graphical illustration of the Bingham model is shown in Figure 2.3. The y-intercept of
the line denotes the yield stress while the slope of the line denotes the plastic viscosity.
The yield stress denotes the minimum stress required to initiate flow in the material,
while plastic viscosity denotes the resistance to flow, once the flow has been initiated.
For cementitious systems that exhibit a shear thinning behaviour, a Herschel-Bulkley
model may be used. The model is given by the following equation (Herschel and Bulk-

ley, 1926):

Yield criterion: Y > /I,
Below yield: v= 0, (2.2)
Above yield: T, = Y + k3",

where k and n are called the consistency factor and flow index or power law exponent

respectively.

Slope =n

Shear stress (T1o)

Strain rate ()

Figure 2.3: Bingham model
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2.2.2 Thixotropic models

Both the Bingham and the Herschel-Buckley model does not account for the thixotropic
behaviour of cement paste. Due to the complexities involved in characterizing thixotropic
fluids, developing a mathematical model for describing thixotropy can be difficult.
Based on the approach used, Mewis and Wagner (2009) classified thixotropic models, in
general into three categories. In the first approach, memory functions are introduced in
the constitutive equation for describing the time effects due to thixotropy. For instance,
Goddard (2006) developed a constitutive equation for thixotropic materials by using a
fourth order viscosity tensor. The viscosity tensor was assumed to be a function of a
history dependant second order tensor called texture tensor. Wallevik (2005) developed
a thixotropic model for cement paste along these lines. He incorporated two types of
memory function in the constitutive equations, one for the history of coagulation rate

and the second for the shear-rate history.

The second approach is by incorporating a structural parameter \ in the constitutive
equation, using which several phenomenological models have been developed. The
value of the structural parameter represents the structuration state of the material. For
instance, a higher value for the structural parameter can imply an intact microstructure,
whereas a lower value represents a relatively broken down microstructure. In such
models, some or all of the material parameters like viscosity and modulus are made to be
functions of the structural parameter. The time evolution of the structural parameter is
then used to capture the build-up and breakdown of the internal microstructure (Cheng
and Evans, 1965; Coussot et al., 2002). Finally, there is a third category of models
based on the actual microstructural changes in the material. Such models are based on
changes in floc size and the Brownian collisions that may occur when the material is
subjected to shear. Wallevik (2009) developed a rheological model for cement paste
along these lines that predicts the mechanical behaviour due to both thixotropy and

hydration.

2.2.3 Shortcomings of the current models

Although the Bingham and Herschel-Bulkley models are widely used, these models can

only predict the steady state stress response of cementitious systems. As pointed out

21



earlier, when cement paste is subjected to a constant shear rate, the stress initially over-
shoots to reach a peak value and thereafter decreases to reach a steady state condition.
As seen in Figure 2.4, this peak value can be much higher than the steady state stress.
The transient state behaviour prior to reaching the steady state cannot be captured using

these models.

Stress

Time

Figure 2.4: Stress overshoot in a steady shear experiment for cementitious systems

The phenomenological models such as the one developed by Coussot et al. (2002)
can describe both the transient and the steady state behaviour of cementitious systems
(Roussel, 2005). However, such models are only one-dimensional and the compliance
of such phenomenological models to fundamental laws of continuum mechanics and
laws of thermodynamics is questionable. In this regard, the work that by Dunn and Fos-
dick (1974) on the Rivlin—Ericksen fluid model of second grade is worth mentioning.
Prior to their work, based on many plausible arguments from experimental observations,
the coefficient of the first Rivlin—Ericksen tensor (o) in the model was postulated to

be always greater than zero. However, based on thermodynamic considerations, Dunn
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and Fosdick (1974) demonstrated that this condition leads to instabilities even in simple
shearing flows such as the flow between parallel plates; and for certain plate separation
distances, it was shown that the flow does not even exist. They also demonstrated the in-
stabilities in arbitrary flows inside rigid and fixed cylinders when using the model with
the condition a; > (. For such a case, unless the velocity field is severely restricted,
the flow evolves such that the average stretching in the material exponentially increases
to infinity. The study by Dunn and Fosdick (1974) clearly points out the importance of
thermodynamic considerations while developing models and the likely consequences

when these requirements are not met.

For applications like 3D printing, accurate rheological models can be useful in pre-
dicting the vertical collapse height or the deformation occurring during the printing
process. For this, a complete three-dimensional model needs to be developed that also

complies with the requirements of thermodynamics.

2.2.4 A thermodynamic-based approach for modelling

One possible approach that has not yet been employed to describe the rheology of
cement paste is by using a framework of multiple natural configurations. Such an
approach has proven to be useful in developing a wide range of constitutive models,
some noteworthy examples being the work by Rajagopal and Srinivasa (2000) to model
rate type fluids, models for classical plasticity (Srinivasa, 2001; Rajagopal and Srini-
vasa, 2004a), twinning (Rajagopal and Srinivasa, 1997, 2004b), systems undergoing
chemical reactions (Kannan and Rajagopal, 2011), polymer crystallization (Rao and
Rajagopal, 2002), alloys with shape memory (Rajagopal and Srinivasa, 1999, 2004b),
and mixtures of fluids (Mdlek and Rajagopal, 2008). In this approach, it is assumed that
a body in the current configuration at time ¢, upon the removal of the external forces or
stimuli, instantaneously takes a stress-free configuration, which is called as the natural
configuration. The inelastic response of materials is described through the evolution of

the natural configuration with the deformation of the material.

The notion of natural configurations is regularly used alongside with the principle of
maximization of rate of dissipation. In this approach, a functional form is assumed for

the Helmholtz potential that involves the relationships between the natural configura-
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tion, the current configuration, and the reference configuration. The rate of dissipation
is also given a functional form involving the time-dependent changes to the natural con-
figuration. The constitutive equations are obtained by maximizing the rate of dissipation
over all allowable processes, with a reduced form of the second law of thermodynamics

as a constraint.

This framework was extended by de Souza Mendes et al. (2013) to include a struc-
tural parameter so that thixotropic behavior can be described. In their approach, the
stored energy function was considered to be a function of both a stretch tensor and a
structural parameter while the rate of dissipation function was considered to be func-
tions of the time derivative of the structural parameter, in addition to other kinematic
quantities. Constitutive equations can again be obtained by maximization of the rate of

dissipation.

In summary, using the multiple natural configurations framework together with the
maximum rate of dissipation criterion, three-dimensional rheological models that meet
the requirements of thermodynamics can be developed. The possibility of using this

approach for cementitious systems needs to be investigated.

2.3 Mixture design of 3D printable concrete

The various additives and admixtures used in the design of printable concrete are dis-
cussed in this section. Some of the earliest attempts to extrude cementitious materials
were by using composites with high fiber content (Shao et al., 1995; Shao and Shah,
1996). Rheological modifiers like methyl cellulose or calcined clay were found neces-

sary for a successful extrusion (Srinivasan et al., 1999; Kuder and Shah, 2007).

The load carrying capacity of cementitious materials in the fresh state is called the
green strength. Tregger et al. (2010) studied the effect of calcined clay, fly ash and high-
range water-reducing admixture (HRWA) on the green strength of cement paste. Green
strength was determined from the load carrying capacity of cylindrical specimens of
equivalent concrete derived from the cement paste. The loading was done by pouring
sand on top of a bucket placed on top of the freshly demoulded cylindrical specimens
until the failure of the specimen (see Figure 2.5). Calcined clay increased the green

strength while both HRWA and fly ash caused a decrease in the green strength. Further,
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shear and compression yield stress were determined for each mix. The shear yield stress
was determined by using a strain controlled shear rheometer fitted with a co-axial geom-
etry while compression yield stress was determined by the centrifuge method (Buscall
and White, 1987). Both the shear and compression yield stress increased with calcined
clay addition while they decreased with fly ash and HRWA additions. Peled et al. (2000)
studied the effect of fly ash on the rheology of extrudable fiber composites. The ram
pressure vs piston movement was plotted for mixtures with varying levels of fly ash.
For acrylic and polyvinyl alcohol fibers, the addition of fly ash led to a decrease in the
extrusion pressure. For glass fibers, the extrusion pressure did not change with fly ash
addition while for cellulose fibers, the fly ash addition increased the extrusion pressure.
Voigt et al. (2010) studied the effect of fly ash and calcined clay on flowability and
shape stability. Flowability was determined from flow table test while shape stability
was assessed from green strength determined from load carrying capacity of cylindrical
specimens. The addition of fly ash improved flowability, but reduced the shape stability
of the fresh mixture. The addition of calcined clays, on the other hand, improved shape
stability but caused a slight to moderate decrease in flowability, depending on the type
of the calcined clay used. Hence, from a rheological point of view, the combined addi-
tion of fly ash and calcined clay was proven to be beneficial. It produced a mixture with

good flowability and also with the required shape stability.

Another important aspect for printable mixtures is the structural build-up due to
thixotropy and cement hydration. Compared to plain cement mixtures, the rate of re-
building under shear induced breakdown was found to be higher in cement mixtures
containing calcined clay. However, with longer resting time, this effect diminished due
to hydration effects (Kawashima et al., 2013). Quanji et al. (2014) studied the effect
of attapulgite clay on thixotropy and the rate of cement hydration. The thixotropy was

assessed as the area enclosed between 20-80 s—!

strain rate in a hysteresis loop test
(see Figure 2.6). Isothermal calorimetry was used to determine the rate of cement hy-
dration. Both rate of hydration and the area enclosed in the hysteresis loop increased
with nanoclay addition. Similar effects on cement hydration were observed by Heikal
and Ibrahim (2016), who showed that the initial and final setting times of cement paste
reduce with the addition of nanoclay. Qian and De Schutter (2018) showed that the ad-

dition of attapulgite clay increased the dynamic yield stress, thixotropic index and the

size of flocs formed in fresh cement paste. The dynamic yield stress was determined
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by fitting the equilibrium flow curve with a Bingham model. The thixotropic index was
assessed based on the stress decay in a steady shear experiment (see Figure 2.7). The
thixotropic index was defined as the ratio between the stress corresponding to the ini-
tial torque value divided by the stress corresponding to the equilibrium torque value.
The chord length of the agglomerated cement particles was determined using the chord
length distribution of particles/agglomerates in fresh cement paste are determined using
focused beam reflectance measurement (FBRM). From Figure 2.8, it can be seen that
the distribution curve of the chord length shifts towards the left with increasing atta-
pulgite clay content. This indicates larger agglomerates are formed with an increase in

the nanoclay content.

F

Figure 2.5: Green strength test (taken from Tregger ef al. (2010))

26



(a) 100

90

=O=Uup curve
ﬁ% A down curve

80

70

60

50

40

Shear Rate (1/s)

30

ol &
10 -f
0 &

—_
=)
~—

Shear Stress (Pa)

yield

stress, 0'01

20 40 60 80 100 120

T =——=regression line

| —0—up curve
—~dowh curve

(e

ooty
eSSl

Preds
TﬁgSlJtre of Y&’\\\\\\\\\T\\T\Y
IXotropy 23

S

0“’
ot

|

Area is

l//

AN

0§\\\\\§\§§§‘

& AO
=5

(2

& \\\‘\§\\:‘“4

AV
viscosity 17=Ad /Ay

0 20 40 60 80 100

Shear Rate (1/s)

Figure 2.6: Assessment of thixotropy from the hysteresis loop test by Quanji et al.

(2014)

There is only limited literature on the effect of viscosity modifying agents (such as

cellulose based products) on thixotropy of cement paste. Assaad et al. (2003) showed
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that the addition of polysaccharide based polymers increased the thixotropy of SCC.
To assess thixotropy, the concrete was tested at constant rotational speeds using a con-
crete theometer. The torque was found to overshoot to reach an initial maximum value
and then tended towards an equilibrium value. Two indices were used to assess the
thixotropy. One of the indices was the difference between the initial and the equilib-
rium torque values divided by the equilibrium torque value. The initial and equilib-
rium torque values were determined for different constant rotational speeds to obtain
initial and equilibrium torques versus rotational speed plots respectively. The area com-
prised between these plots was taken as another index for measuring thixotropy. Both
indices were found to be higher in concrete containing polysaccharide. Knapen and
Van Gemert (2009) used isothermal calorimetry and Fourier transform infrared spec-
troscopy to study the effect of different cellulose ether based polymers on cement hy-
dration. It was found that the addition of these polymers increased the dormant period
of cement hydration. A lower value of maximum heat and broader peaks were observed

in the mixes containing these polymers.
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Figure 2.7: Stress decay in steady shear experiments with cement pastes having differ-
ent attapulgite clay content (Qian and De Schutter, 2018)
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Figure 2.8: Chord length distribution of cement pastes having different attapulgite clay
content determined by FBRM (Quanji et al., 2014)

Researchers have proposed different parameters which can be used to assess the
fresh properties of printable concrete. For instance in the work done by Le et al.
(2012a), extrudability, workability, open time and buildability were identified as the
four essential parameters for characterizing printable concrete. The ability to extrude
through a 9 mm diameter nozzle was defined as extrudability. It was evaluated by ex-
truding filaments of 300 mm length and visually checking for blockages and fractures
(see Figure 2.9a). The workability was assessed by determining shear strength of the
mixture using a vane shear apparatus. The duration of time for which the concrete had
sufficient workability was called the open time, and this was assessed by determining
the change in shear strength with respect to time. The ability to retain shape once ex-
truded was called buildability. The number of concrete layers that could be built without
noticeable deformation of the lower layers was used to assess the buildability of the mix

(see Figure 2.9b).

Kazemian et al. (2017) used print quality, shape stability and printability window
as the main parameters to evaluate the concrete mixtures. Print quality, in turn, was

assessed in terms of surface quality, squared edges, dimensional conformity and di-
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mensional consistency. Two test methods, layer settlement and cylinder stability, were
proposed to assess the shape stability of the mixtures. In the first method, two con-
crete layers were printed. Photos taken before and after the printing of the second layer
were analyzed in an image analysis software to determine the spread in the first layer.
In the second method, fresh cylindrical specimens were subjected to a load of 5.5 kg,
and the resulting change in height was determined. Finally, printability window was
evaluated by determining (i) printability limit and (ii) blockage limit of the concrete
mixtures. The printability limit is the time duration up to which a concrete mixture
can be printed with acceptable print quality. Blockage limit, on the other hand, is the
time duration up to which a concrete mixture can be extruded without causing blockage
in the pump, or damage to the nozzle. From the study of various mixture combina-
tions, it was concluded that the addition of silica fume and highly-purified attapulgite
clay leads to improvement in the shape stability of the printed layers. The addition of

polypropylene fiber was found to provide a slight enhancement in shape stability.
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Figure 2.9: (a) Extrudability and (b) buildability test for assessment of 3D printable
concrete by Le ef al. (2012a)

Using similar tests methods to that used by Le et al. (2012a) and Kazemian et al.
(2017), other researchers (Paul et al., 2018; Ma et al., 2018) have also developed 3D
printable concrete formulations from trials conducted using laboratory-scale test bed
printers. Based on the rheological requirements for 3D printing, there is a need to

develop a more systematic procedure for its mix design, i.e, the mix proportion param-
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eters like the dosage of superplasticizer must be linked with the test methods such as

extrudability and buildability.

2.4 Assessment of phase separation

With regard to the extrusion of cementitious materials, another aspect that warrants dis-
cussion is the occurrence of phase separation in cementitious systems when subjected
to high extrusion pressure. Srinivasan et al. (1999) monitored the pressure versus time
data during ram extrusion and found that when phase separation occurred, there was
a sudden abrupt increase in the pressure. In such cases, the liquid phase separated
out leaving behind a dry unextrudable mass in the extruder. Also, they showed that
the addition of HPMC helped in reducing this sudden abrupt increase in pressure (see
Figure 2.10a) while the addition of polyethylene glycol (PEG) resulted in reducing the
die-wall stress, i.e., the resistance to flow at the junction between the die wall and the ex-
truding material (Figure 2.10b). Later, Kuder and Shah (2007) used a similar approach
and found that the addition of calcined clay was beneficial in controlling the liquid
phase migration during extrusion. Although this method of monitoring the pressure in
ram extruder helps to identify the occurrence or to determine the dosage of additives
required to control phase migration, it does not provide any material parameter that

characterizes the water retention capability of the mix.

Water retention characteristics of cement mortars are usually assessed by using var-
ious empirical test methods. For instance, in the ASTM method (ASTM C1741-18,
2018), a sample of mortar is placed in a bleed cell and then subjected to constant pres-
sure. The amount of bleed water that separates out from the cell is used as a measure of
its lack of water retention capability. Similar empirical methods based on the amount
of bleed water have been used by various other researchers as well (Khayat et al., 1999;
Saric-Coric et al., 2003; Patural et al., 2011; Govin et al., 2016). However, the prob-
lem with such methods is that they are single-point measurements that do not give any

fundamental material parameters that can be related to water retention.

Realizing this, Green et al. (1999) adopting ideas from soil mechanics, suggested
the use of desorptivity as a fundamental material parameter in characterizing water re-

tention of lime mortars. They showed that when a constant pressure is applied to a
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column of wet mortar, the cumulative height of bleed water from the column is propor-
tional to the square root of time for which the pressure is applied (see Figure 2.11a).
This constant of proportionality is called the desorptivity. Green et al. (1999) also
showed that the desorptivity at a given pressure can be decreased by the addition of

methyl cellulose (see Figure 2.11b).

The beneficial effects of cellulose-based admixtures in improving water retention
capability of cement-based materials have been pointed in many studies (Khayat et al.,
1999; Saric-Coric et al., 2003; Zhou et al., 2019). The addition of such admixtures
causes an increase in the viscosity of the liquid phase (Khayat, 1998; Biilichen et al.,
2012; Brumaud et al., 2013). The working mechanism of these admixtures depends
on the dosage. At low dosages, it causes swelling by intramolecular sorption of water.
But as the dosage increases above a certain level called the overlapping concentration,
the molecules start to agglomerate in the pore solution and form networks of hydro-
colloidal gels. These gels fill the pore spaces and provide less space for the water to
migrate out from the granular skeleton (Biilichen et al., 2012; Brumaud et al., 2013).
At this stage, the amount of colloidal gels that form has been found to depend on the
amount of sulphate ions that are present in the pore solution (Biilichen and Plank, 2013).
Pore solution with higher sulphate ion concentration hinders the gel formation thereby
reducing water retention capacity of methyl cellulose. For instance, gypsum plaster has
a relatively higher amount of sulphate ion concentration in the pore solution as com-
pared to cement paste. As a result, gypsum plaster requires a much higher amount of
methyl cellulose as compared to cement paste for achieving the same water retention

(Biilichen and Plank, 2013).

In summary, the foregoing discussions suggest that the liquid phase migration can be
critical in an extrusion process and there is a need to study the water retention capacity
of cementitious materials to be used for such applications. Further, the study by Green
et al. (1999) on lime mortars indicates that desorptivity can be a fundamental parameter
for assessing water retention. The possibility of extending this approach for assessing

the phase separation in extrudable mortars needs to be investigated.
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Figure 2.10: (a) Effect of HPMC in reducing the abrupt increase in extrusion pressure
and (b) Effect of PEG in reducing the die-wall friction during extrusion
pressure (taken from Srinivasan et al. (1999))
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2.5 Mechanical properties of 3D printable concrete

Prior to the beginning of research on 3D printed concrete, there were studies on the
mechanical behaviour of extruded cement-fiber composites. For instance, Takashima
et al. (2003) showed that the flexural strength of cement composites with polypropylene
fibers made by extrusion process was higher than that obtained when the same compos-
ite was made by conventional mould casting. The strength increase was attributed to
two reasons. Firstly, it was observed though scanning electron microscope images that
there is a higher alignment of the polypropylene fibers along the extruding direction.
Secondly, the authors also reported that the extruded composites had a higher density
as compared to the composites made by mould casting. Similar observations were also
made in the study by Khelifi et al. (2016) on cement composites containing flax fibers.
They determined the splitting tensile strength of the both cast and extruded compos-
ites (see Figure 2.12). The extruded composites showed higher splitting strength as

compared to the composites made by conventional casting.
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Figure 2.12: Split tensile strength of extruded and cast cement composites with flax
fibers (taken from Khelifi er al. (2016))

One of earlier studies on the mechanical behaviour of 3D printable concrete was by

Le et al. (2012b). They showed that 3D printable concrete elements can be anisotropic.
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In the study, compressive and flexural strengths were evaluated in different loading
directions and compared with that of the mould cast specimens. The specimens for
testing were extracted from a 3D printed slab and a curve-shaped 3D printed bench.
The mould cast specimens had high compressive and flexural strengths of about 107
N/mm? and 11 N/mm? respectively. On the other hand, the compressive and flexural
strengths of printed specimens were lower and varied from 91 to 102 N/mm? and 6
to 17 N/mm? respectively, depending on the loading direction. Panda et al. (2017a)
also observed similar results when comparing the compressive and flexural strengths
of 3D printed and mould cast geopolymer concrete. A 15 X 7 mm rectangular nozzle
was used in their study. Apart from this, a few other researchers have also reported
anisotropic behaviour for printed concrete elements (Nerella et al., 2016; Panda et al.,
2017b; Paul et al., 2018). Le et al. (2012b) also observed the presence of voids at the
junction between four filaments when circular nozzle was used (see Figure 2.13). The
voids were more predominant in the case of poorly printed specimens. The number
and size of the voids were considerably reduced in the case of well printed specimens
having a higher dosage of superplasticizer. The well printed specimens were found to
have a higher density as compared to mould cast specimens. The reason for this higher
density is not well understood. It may because of the higher compaction and packing

density achieved during the extrusion of the printed elements.

Avoid between 4 filaments

Figure 2.13: Presence of voids between the junction of four filaments when a circular
nozzle is used for printing (taken from Le et al. (2012b))

Contrary to the results obtained by Le et al. (2012b), Nerella et al. (2016) found that
the compressive strength of printed specimens was higher by about 10 % as compared
to mould cast specimens when tested along certain directions. These contradictions in
the results indicate that the mechanical properties would also be dependant on the type

of mix used, the printer system and the print parameters used in a particular study. For

36



instance, Panda et al. (2018) showed that the tensile bond strength can depend on the
print parameters such as time gap between two successive layers, print speed and the
height from which the nozzle is depositing the layer. It was found that the bond strength
decreased with increasing time gap between layers. Further, the increase in print speed
or the height of the nozzle from the deposited layer also led to the decrease in the tensile
bond strength (see Figure 2.14). The decrease in tensile bond strength with increased
time gap was also observed by a few other researchers (Le et al., 2012b; Panda et al.,

2017a).
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Figure 2.14: Effect of (a) time gap between layers (b) print speed and (b) height of
the nozzle from top of first layer on tensile bond strength of 3D printed
elements (taken from Panda e al. (2018))

Some of the recent studies have shown that the ambient conditions during printing
can also have an effect on the bond strength between layers. For instance, Roussel
(2018a) measured the interface strength when the layers were protected from drying

and also when exposed to drying. It was found that the interface strength reduced by
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even up to 50 % when the printed layers were exposed to drying. Similar observations
were also made in the study by Sanjayan et al. (2018). They showed that the bond
strength was found to depend on the surface moisture content at the interface between
the layers. The removal of surface moisture due to evaporation caused a reduction in

the bond strength.

2.6 Need for research

As seen in the literature review on the mixture proportioning of 3D printable concrete,
its mixture design has been mostly based on a trial and error method. Also, many studies
refer to the use of special additives like nanoclay, viscosity modifying agents (VMA)
and micro-silica. Based on a more fundamental understanding, a systematic procedure
has to be developed for the mixture design of 3D printable concrete. The test methods
for extrudability and buildability must be linked with the mixture proportion parameters
such as the dosage of superplasticizer. Further, the influence of special additives such

as nanoclay, VMA and micro-silica need to be examined in detail.

Most of the studies on extrusion-based 3D printing found in the literature have been
based on small laboratory-based printer systems. The issues that may arise in scaling-
up to larger 3D printer system need to be studied. The high pressure applied in larger
printer systems may cause the concrete mix to become unstable, i.e., the high pressure
may cause the liquid phase in it to separate out, leading to blockages during extrusion.
There is a need to gain a fundamental understanding on how water drainage occurs

during such high pressure extrusion process.

Further, 3D printable concrete in the existing literature are mortars having only fine
aggregates with nominal size usually less than 2.36 mm. Therefore, there is a need
to develop 3D printable concrete with coarse aggregates. For this, an understanding is
required on how the coarse aggregate may affect the extrudability as well as the stability

of the printed layers.

The mechanical properties of 3D printed specimens are quite different when com-
pared to that of mould cast specimens. These differences may be attributed to two
reasons. First, the introduction of interfaces due to layer-wise extrusion. Secondly, the

properties of the bulk concrete itself may vary. For instance, there are studies that sug-
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gest a comparatively higher density for concretes cast through the extrusion process.
Therefore, a less porous and stronger bulk concrete may exist in 3D printed elements.
But to validate this hypothesis, a detailed study on the mechanical response as well the

porosity assessment of the 3D printed concrete elements is required.

Although the mixture development of 3D printable concrete is carried out based on
empirical methods, the importance of rheological studies cannot be overlooked. Us-
ing rheological models, prediction of failure height and the deformation of layers dur-
ing printing can be carried out. However, the existing rheological models have many
shortcomings which were discussed in Section 2.2.3. On the other hand, the robust
thermodynamics-based approach presented in Section 2.2.4 has been useful in devel-
oping models for a wide range of materials. The possibility of using this approach
in developing a complete three-dimensional model suitable for cementitious systems

needs to be examined.
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CHAPTER 3

MIX DEVELOPMENT FOR SMALL-SCALE 3D
PRINTER SYSTEM

3.1 Introduction

For a successful extrusion process, the material must be flowable enough so that it can
be extruded through the nozzle. But once the layer is extruded, it must have sufficient
shear strength to resist deformation due to its self weight and the weight of the layers
printed above it. From a rheological perspective, the material must be liquid-like with a
low viscosity while inside the pump and nozzle, but once extruded out it must undergo
a transition to a solid-like behaviour with enough strength to resist deformation. Based
on the material, different strategies can be used for achieving this. For instance, in
3D printing of polymers (e.g. polylactic acid), this is achieved by a sudden change
in temperature. While inside the nozzle, the polymer filament is heated to above its
melting point, allowing it to flow through the nozzle. But once extruded, it is rapidly
cooled causing a transition to a solid-like behaviour (Kirchmajer and Gorkin III, 2015).
For concrete and other yield stress fluids, the underlying principle is quite different.
The pump exerts enough pressure to exceed the yield stress of the material, causing it to
flow and extrude through the nozzle. Once extruded, the high yield stress (which should
be higher than the stress due to self weight) allows the material to resist deformation
and prevent flow in the material. Further, as pointed out in Chapter 2, the yield stress of
the cementitious systems increases with time due to the structural build-up associated
with thixotropy and cement hydration. This increase in yield stress allows more layers

to be deposited over time.

Therefore, yield stress becomes the most important parameter for mixture design.
A high yield stress is essential to prevent deformation of extruded layers. On the other
hand, if the yield stress and plastic viscosity become too high such that they exceed
the capability of the pump, then extrusion of the material becomes difficult. Therefore,

there is an optimum range of yield stress in which the material is both extrudable and



buildable. In this chapter, a yield stress-based mixture design approach is developed for
3D printable concrete based on the experiments conducted on a small laboratory-scale
concrete 3D printer. Further, tests methods for extrudability, buildability, robustness

and the assessment of structural build-up are discussed.

3.2 Materials and methods

For the current study, portland cement (conforming to IS 12269 (2013)), Class F fly
ash (conforming to ASTM C618-17a (2017)) and silica fume (conforming to ASTM
C1240-15 (2017)) were used as the binders. Their specific gravities are 3.15, 2.6 and
2.2 respectively and their oxide composition is shown in Table 3.1. The chemical ad-
mixtures used were PCE based superplasticizer and methylcellulose-based VMA. The
superplasticizer was used in the liquid form (solids content of 34 %) and the VMA
was used in a powder form. In addition, polypropylene fibers having length of 12 mm
and thickness of 40 microns were used. The use of nanoclay has proven to benefi-
cial in terms of imparting shape stability for the extruded elements (Voigt et al., 2010;
Kazemian et al., 2017). A commercial form of purified palygorskite was used as a
rheological modifier. The clay particles in this material have an average size of 1.5-2
pm and specific gravity of 2.29. Its oxide composition is shown in Table 3.1. The fine
aggregate used consisted of quartz powder and two grades of quartz sand (designated
as sand 1 and sand 2). The specific gravities of the aggregates were 2.76, 2.68 and
2.64 respectively. The particle size distributions of all the granular materials are shown
in Figure 3.1. The particle size distributions for portland cement, fly ash and quartz
powder were determined by laser diffraction. Since it was not possible to disperse the
densified silica fume by ultrasonication done prior to laser diffraction, the particle size
distribution for silica fume was taken as that given by the manufacturer. The particle

size distributions for the two quartz sands were determined by sieve analysis.

3.2.1 Mixing procedure

The mixing was done by using a Hobart planetary type mixer. At first, the water along
with the superplasticizer was added to the mixing bowl. With the blade rotating at a

low speed, the pre-blended dry ingredients were slowly added in about 2-3 minutes
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time. For mixtures containing VMA, the mixing was stopped after 5 minutes, VMA
in the powder form was slowly sprinkled over the mixture, then mixing was resumed.
For nanoclay mixtures, a part of the mixing water, (about 15 %) was held back. The
nanoclay was then dispersed in this water by using a hand held high shear blender. The
suspension was introduced into the mixer after 5 minutes. Thereafter, the blades were
rotated at a speed of 365 rotations per minute (RPM) for a duration of 25 minutes. The

approximate volume of concrete prepared in each batch was 6 litres.

Table 3.1: Chemical composition of cement, fly ash, silica fume and nanoclay (purified
palygorskite) used in the study

. .. Quanitiy (% by mass)

Chemical composition portland cement | Fly leh Syilica fume | nanoclay
CaO 64.59 1.28 0.4 1.98
Si0, 19.01 59.32 96.8 55.2

Al,O5 4.17 29.95 - 12.2
Fe,05 3.89 4.32 - 4.05
(Nay0), 0.16 0.16 - 0.98
MgO 0.88 0.61 - 8.56
TiO, - - - 0.49
P,05 - - - 0.65
LOI 1.40 - - 15.66
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Figure 3.1: Particle size distributions of the materials
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Figure 3.2: Test bed printer

3.2.2 Test bed printer and its calibration

Figure 3.2 shows the small laboratory-scale 3D printer manufactured by the company,
Tvasta (Tvasta — Industrial 3D Printing, 2019). The printer has a bed size of 400 x 300
mm, and can print up to a maximum height of 300 mm. Figure 3.3 shows some printed

elements made using the printer.

(a) Printing of a square element (c) Four layer wall

Figure 3.3: Elements printed using the test bed printer
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A schematic diagram showing the different steps in the printing process is shown
in Figure 3.4. After the completion of batching and mixing, the material is manually
loaded in the feeder system attached to a screw pump. The pump draws the material
from the feeder, and transports it to the print head through a flexible hose pipe. The
hose pipe has a diameter of 32 mm and length of 1500 mm. The pump is driven by a
stepper motor which causes the material to move at a constant displacement rate. Both
the pump and the printer are connected to the control system which dictates the printer
motion and extrusion speed at the print head. The material is finally extruded through a

rectangular nozzle of 30 x 20 mm size at the print head.

If Q is the discharge rate of the pump, V1 is the speed with which the material
exits the nozzle (see Figure 3.5), and cross sectional area of the nozzle is A1, then the

discharge () is given by
Q=V1x Al (3.1)

If V2 is the print speed, i.e. the speed with which nozzle moves along the print bed (see
Figure 3.5), and A2 is the cross sectional area of an extruded layer, then the speed V2

is given by

_Q
V2= 2. (3.2)

Substituting from Equation (3.1) in Equation (3.2), it follows

Al

V2=V1 (E) (3.3)

Now, if the extruded element is assumed to have shape stability, then the cross-section
of the extruded element will be the same as that of the nozzle (A1 = A2). Therefore,

Equation (3.1) becomes
V2=V1. (3.4)

Therefore, the printer was calibrated such that the print speed (V1) was the same as the

extrusion speed (V/2).
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For the current study, all the experiments were performed with an extrusion velocity
of 44 mm/s. However, it is to be noted that the mixture design is also dependent on
the print parameters such as the pump type, extrusion speed, print speed and the shape
and dimensions of the nozzle used. Such dependencies are not examined in the current

study.

Material ; ; . Printed
feeder Pump Printer > object

Control
systems

Figure 3.4: Schematic diagram showing the printing process

M Nozzle
Extrusion
speed (V1) Print speed

(V2)

o

Extruded
layers

%

Figure 3.5: Extrusion speed (V1) and print speed (1'2)
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3.3 [Experimental program

In this section, the test methods used for assessing the mixtures are presented in detail.

3.3.1 Test methods

Extrudability test

Extrudability was defined as the ability to continuously extrude through the nozzle of
the printer with the required dimensional conformity and to form layers with good print
quality. By good print quality, it is meant that the extruded elements are free of defects
such as voids and discontinuity. The print quality of the line was evaluated by visual ob-
servation. To perform the test, a 30 cm long single layer was extruded by using the test
bed printer. The dimensions of the extruded layer were measured at every 10 cm along
the length of the printed line. The test was qualified as ‘pass’ if (i) the measurements
made at all of these locations confirmed to the dimensions of the rectangular nozzle (30
x 20 mm) within a tolerance of 0.5 mm and, (ii) the printed line was completely free of

surface defects such as voids and discontinuity.

Yield stress by vane shear apparatus

Direct measurement of yield stress was done by performing a stress growth experiment
using a soil vane shear apparatus. A four-bladed vane with 12 mm diameter and 24 mm
height was used. A schematic diagram of the vane apparatus is shown in Figure 3.6.
In a stress growth experiment, the material is subjected to a constant strain rate. The
maximum torque value was recorded and converted to yield stress by using the equation
proposed by Dzuy and Boger (1983) presented below.

s H 1

M=_-D%(—=+< 3.5

o (54 3), 65)

where M is the measured maximum torque and Y is the yield stress. H and D are the

height and diameter of the vane. To perform the test, the concrete after mixing was

immediately transferred to a cylindrical container. The container was 5 cm in diameter
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and 7.5 cm in height. The vane was inserted into the container such that /1 = 3 cm
and H2 = 2.1 cm (see Figure 3.6). To have the same pre-history, all samples were
subjected to a rest duration of 3 minutes before starting the test. The sample was then
subjected to a low constant angular velocity of 0.1 RPM and the maximum torque was
measured. The choice of a low RPM was made as the conversion equation is valid only
for low RPM. At higher RPM, it leads to overestimation of the yield stress (Dzuy and
Boger, 1983). Also, it should be noted that the concrete samples are thixotropic and
their response is shear-history dependent. Hence, it was important to follow the same
protocol for all samples. In each case, the test was repeated with a new sample to ensure

reproducibility.

>

Yield stress

Shear stress

Ko Ty

Time
+—D—~«
#—DI—

Figure 3.6: Vane shear test

Buildability test

The method proposed by Kazemian ef al. (2017) was used to assess the buildability of
the deposited layers. For performing the tests, two layers of concrete were printed (see
Figure 3.7) with a time gap. The compression of the bottom layer after the printing of
the second layer was determined. The time gap was decided based on the element to be
printed. The objective of the research program at IIT Madras was to develop a layer-
wise extrudable mixture for the additive manufacturing of a 1.52 x 1.13 m toilet module.
In this case, since there are four horizontal layers with a time gap of two minutes, the

time gap for each vertical layer was calculated as eight minutes for a horizontal print
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speed of 44 mm/s. Hence, the buildability tests were performed with a time gap of eight

minutes.

Figure 3.7: Buildability test

Robustness test

For industrial applications, it is important to obtain stable and robust mixture propor-
tions with less variability in yield stress. To quantify robustness, the superplasticizer
dosage corresponding to the required yield stress was changed by +0.01% and £0.02%.
The deviation of yield stress from the reference value was expressed by a variability fac-

tor, V given by the following equation:-

2
V= \/Z(Y_TY’"@J‘) (3.6)

In the above equation, Y, is the yield stress of the reference mixture. Y is the corre-
sponding yield stress obtained for each variation in superplasticizer dosage, N = 5 is
the number of samples (reference superplasticizer dosage, +0.01% and +0.02% change
from the reference dosage). The factor, V' gives a measure of the departure of yield
stress from its required value with respect to change in superplasticizer dosage. A lower

value of V' indicates a less sensitive and stable mixture proportion.

Flow table test

The flow values of mixtures were determined by performing the flow table test in ac-

cordance with ASTM C1437-15 (2015).
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Assessment of structural build-up and workability retention

As previously explained, concrete mixtures undergo both reversible and irreversible
changes due to thixotropy and hydration respectively. This structural build-up causes
the yield stress to evolve with respect to time. To characterize this build-up, the vane
shear test was performed on samples at regular intervals of 15 minutes to study the

evolution of yield stress.

Alternatively, the structural build-up was also assessed through penetration test (in
accordance with ASTM C403/C403M-16 (2016)) and by assessing the rate of cement
hydration, using semi-adiabatic calorimetry. The apparatus used (see Figure 3.8) was in
accordance with EN 196-9 (2010). It consisted of a box of size 102.5 x 102.5 x 62.5
cm made with thermocol, having 20 numbers of sample holders and a lid made with
plywood. To perform the test, about 1575 grams of the concrete sample was placed in a
cylindrical container of 80 mm internal diameter and 165 mm height. Prior to mixing,
all materials were preconditioned at 25 °C for at least 24 hours. To compensate for the
heat generated during the long mixing process (25 minutes), chilled water was used in
preparing the samples for the calorimetry studies. After mixing, the sample was placed

in the calorimeter and the rise in temperature was monitored over a period of 72 hours.

adl - : :
- =
L3 PR 3 |

Figure 3.8: Semi-adiabatic calorimeter used in the study

The maximum time up to which the material was able to pass the extrudability test
was defined as the time limit of printability. This is calculated exclusive of the time

required for mixing the materials.
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3.4 Results and discussions

3.4.1 Reference mixture design

Granular packing

The reference mixture design had a combination of portland cement and fly ash as
binder. The proportions of all dry ingredients were optimized by using the particle
packing method (Fennis and Walraven, 2012) using the commercial particle packing
software, EMMA supplied by Elkem (2017). The modified Andreassen model (Funk
and Dinger, 2013) with a distribution modulus (q) of 0.25 was used. The compari-
son of the combined particle size distribution of all solid dry ingredients for the final
mixture proportion (shown in Table 3.2) and that suggested by the model is shown in
Figure 3.9. A reasonable match can be seen between the actual and optimum parti-
cle size distributions. To achieve high strength, a low water to binder ratio of 0.32

was used. Polypropylene fibers were used at a nominal dosage of 1.8 kg/m? to control

plastic shrinkage cracks.

Percentage Pass (Wol%)

Figure 3.9: Comparison of the combined particle size distribution of all dry ingredients
and the optimum distribution suggested by the modified Andreassen model
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Table 3.2: Proportioning of materials for reference mix

Material Quantity (kg/m?)

Cement 663
Fly ash 166
Quartz powder 497
Quartz sand 1 373
Quartz sand 2 373
Water 265
Polypropylene fiber 1.8

Superplasticizer | 0.83 (0.10 % of binder)

Superplasticizer dosage

The mixture design for layer-wise extrudable mixtures can be quite complex. The ex-
trudability and buildability can depend on numerous factors. For instance, an increase in
fiber amount can improve the buildability of the mixture (Kazemian et al., 2017; Rush-
ing et al., 2017). But to reduce the complexity in the mixture design, the consistency of
the mixture was changed only by adjusting the superplasticizer dosage. All other mix-
ture proportion parameters were kept fixed. Table 3.3 shows the results of extrudability
tests with different superplasticizer dosages. Up to a superplasticizer dosage of 0.08
%, the material was very stiff and did not extrude out of nozzle. Therefore, all trials
up to 0.08 % of superplasticizer dosage failed due to material blockage in the nozzle
itself. Figure 3.10a shows the results of extrudability test for 0.09 % of superplasticizer
dosage. The material was extruded as a thin layer for a short length after which the
pump started to stall. The extruded layer also did not conform to the required dimen-
sions, and thus failed the extrudability test. On the other hand, Figure 3.10b shows
the layer extruded when the superplasticizer dosage was further increased to 0.10 %.
At this dosage, a continuous extrusion of the material was possible without blockages.
The width and thickness of the extruded layer conformed with the dimensions of the

nozzle. Hence, it was qualified as ‘pass’ in the extrudability test.

(a) Distorted layer (b) Well-printed layer

Figure 3.10: Extrudability test
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Table 3.3: Extrudability test for the reference mix

SP dosage (%) | Extrudability test

0 Fail
0.02 Fail
0.04 Fail
0.06 Fail
0.08 Fail
0.09 Fail
0.10 Pass

To obtain the upper limit of superplasticizer dosage, the buildability test was per-
formed. This is shown in Table 3.4. There was no deformation of the bottom layer
in the buildability test for the superplasticizer dosage of 0.10 %. However, on further
increasing the superplasticizer dosage to 0.11 %, there was a 2 mm compression of the
bottom layer. Hence, the buildability test was qualified as ‘pass’ only for the superplas-
ticizer dosage of 0.10 %. From the two tables, it can be seen that the reference mixture
passes both extrudability and buildability tests only at the superplasticizer dosage of
0.10 %. With a lower superplasticizer dosage, the yield stress and viscosity were too
high to allow extrudability, whereas at a higher superplasticizer dosage, the yield stress

was too low and mixture did not have the required shear strength for buildability.

The yield stress corresponding to this optimum superplasticizer dosage (0.10 %)
was obtained as 1.6 kPa by using the vane shear test. Earlier, Le et al. (2012a) had
used a similar approach to determine the shear strength of 3D printable concrete. The
obtained shear strength values were in the range of 0.3 to 0.9 kPa. This difference may
be because the former had used a smaller nozzle size (9 mm diameter circular nozzle)
as compared to the current study (30 x 20 mm rectangular nozzle). For a smaller nozzle
size, the weight to be sustained for each layer is lower. Hence, the former may have
been able to obtain buildability with mixtures having comparatively lower yield stress.
Figure 3.11 shows results of the robustness test for the reference mixture. There is a
high variability in the yield stress indicated by a high value of the variability factor
(V = 4.5 kPa). This explains the narrow working range obtained for the reference

mixture.

The time limit of printability for the reference mix was only 15 minutes. Thereafter,

the structural build-up was too high to allow extrudability.
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Table 3.4: Buildability test for the reference mix

Bottom layer
SP dosage (%) compression
(mm)
0.10 0
0.11 Collapse

___Reference mix
(V =4.5kPa)

Yield stress (kPa)

P\{\c

-0.02 -0.01 0 0.01 0.02
Change in SP dosage with respect to the reference dosage

Figure 3.11: Robustness test for the reference mix

3.4.2 Additions to improve robustness

A recent study by Van Der Vurst et al. (2017) showed that the robustness of SCC was
improved by the addition of VMA and nanoclay. Also, studies have shown that incor-
porating surplus fines having a larger specific surface area allows for fine adjustments
in the consistency of SCC mixtures (Ramge and Lohaus, 2010). In this regard, the ad-
dition of silica fume may be beneficial. Therefore, the next phase of this study was to

investigate the influence of nanoclay, VMA and silica fume on increasing the robust-

ness.
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Mixtures with nanoclay

Attapulgite clay is a relatively new material in concrete science and there is limited
literature to decide on its dosage. Therefore, three dosages of 0.1, 0.2 and 0.3 % of
binder content were investigated. Since it was used in very small amounts, the addition
of nanoclay did not cause any change in the combined particle size distribution of the
dry ingredients. For each dosage of nanoclay, the superplasticizer dosage was adjusted
to obtain the same yield stress as that of the reference mixture (1.6 kPa). For 0.1, 0.2 and
0.3 % of nanoclay, the superplasticizer dosage had to be increased to 0.11, 0.12 and 0.13
% respectively to obtain the same reference yield stress. This suggests that the yield
stress was increased with the nanoclay addition. Figure 3.12a shows the robustness test
results of the nanoclay mixes. The nanoclay addition imparted considerable robustness.
The value of variability factor, V decreased from 4.5 to 1.2 kPa with 0.1 % nanoclay
addition. The value of V decreased further with increasing nanoclay dosage, but less

predominantly (1.0 kPa and 0.7 kPa for 0.2 % and 0.3 % respectively).

Mixtures with VMA and silica fume

The mixtures with VMA dosage of 0.1 % of binder content and silica fume content of 10
% replacement of binder content were also investigated. The addition of fine particles
of silica fume caused an change in the combined particle size distribution (shown in
Figure 3.13). In comparison to Figure 3.9, a closer match can be seen between the actual
and ideal particle size distribution as described by the modified Andreassen model with

distribution coefficient of 0.27 (Elkem, 2017) after the addition of silica fume.

The addition of both VMA and silica fume increased the yield stress. For attain-
ing the same reference yield stress (1.6 kPa), the superplasticizer dosage was increased
to 0.18 % and 0.17 % respectively. The results of robustness tests are shown in Fig-
ure 3.12b. Silica fume addition lowered the value of V from 4.5 to 0.9 kPa whereas for
VMA, it was lowered to 0.5 kPa. Therefore, VMA addition of 0.10 % of binder content

resulted in the maximum robustness.
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Figure 3.12: Robustness test for (a) nanoclay mixes and (b) mixes with VMA and silica
fume
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Figure 3.13: Comparison of the combined particle size distribution of all dry ingredi-
ents after adding silica fume and the optimum distribution suggested by
the modified Andreassen model

3.4.3 Final mixture proportion

Since mixtures with 0.3 % nanoclay (mix NC), 10 % of silica fume (mix SF) and 0.10 %
VMA (mix VM) were more stable and robust, these mixtures were subjected to further

investigation. Table 3.5 summarizes the final mixture proportions.

Extrudability and buildability tests

Extrudability and buildability test results for SF, NC and VM mixes are summarized
in Table 3.6. As expected, the VM mix with a lower value for the variability factor
was less sensitive to change in superplasticizer dosage. It had a working range of 0.16
to 0.19 % superplasticizer dosages, for which the mixture passed both extrudability
and buildability tests. The mixtures NC and SF (with V' values of 0.7 and 0.9 kPa
respectively) were comparatively more sensitive, and had a working range of 0.12 to
0.14 % and 0.17 to 0.18 % respectively. Also, it can be seen that all the working

mixtures have a yield stress in the range of 1.5 - 2.5 kPa.
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Table 3.5: Final mixture proportions

. Quantity (kg/m?)
Material Mix SF mix NC mix VM
Cement 574 663 663
Fly ash 164 166 166
Quartz powder 492 497 497
Quartz sand 1 369 373 373
Quartz sand 2 369 373 373
Water 262 265 265
Polypropylene fiber 1.8 1.8 1.8
Superplasticizer 1.39 (0.17 %) | 1.08 (0.13 %) | 1.49 (0.18 %)
Additive type Silica fume Nanoclay VMA
Additive dosage 81.9 (10 %) | 2.47 (0.3 %) | 0.82 (0.1 %)

Table 3.6: Buildability and extrudability tests for SF, NC and VM mixes

Mix SP Buildability (comp. of Extrudability Yield stress | Flow value
name | dosage | bottom layer in mm) (kPa) (%)
0.19 24+0.5 Pass 1.1 £0.1 97 £ 10
SE 0.18 0 Pass 1.5+0.2 89 £+ 10
0.17 0 Pass 1.6 £0.3 80+ 5
0.16 0 Fail 2.6 +0.3 55+5
0.15 24+0.5 Pass 1.1 £0.1 115+ 15
0.14 0 Pass 1.5+0.2 100 + 10
NC 0.13 0 Pass 1.6 £0.2 95+ 10
0.12 0 Pass 23+0.3 90 £+ 10
0.11 0 Fail 29+0.3 60 L5
0.20 24+0.5 Pass 1.3 +£0.1 100 + 10
0.19 0 Pass 1.5+0.2 88 £ 10
VM 0.18 0 Pass 1.6 £0.2 80+ 5
0.17 0 Pass 20+£0.2 70+ 5
0.16 0 Pass 25+0.3 65+5
0.15 0 Fail 3.0+ 04 40+5

Assessment of structural build-up

As previously explained, concrete mixtures undergo both reversible and irreversible

changes due to thixotropy and hydration respectively. This structural build-up causes

the yield stress to evolve with respect to time. To characterize this build-up, the vane

shear test was performed on samples at regular intervals of 15 minutes. Figure 3.14a

shows the evolution of yield stress with respect to time. For short duration of elapsed

time, the yield stress increased linearly with time while for longer duration, the response

was found to be exponential. This type of a response has been previously confirmed by
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other researchers (Perrot et al., 2015, 2016). Perrot et al. (2015) proposed a model to

describe the growth of yield stress with time. The model is given by
Y(t) = Apist. (a* - 1) LY (t=0). 3.7)

In the above equation, Y (t) represents the yield stress at a time t, Ay, is the flocculation

rate and ¢. is the characteristic time. Note that the first order Taylor polynomial for

i3

t
etc at t = 0 1is equal to ;

+ 1. Hence for short times, the model approximates to
a linear form. Figure 3.14a shows a comparison of the experimental data with the
values predicted by the model. All mixes had the same initial yield stress ( Y (¢ = 0)
= 1.6 kPa). The characteristic time, ¢, was found to be higher for VM mix (46 min),
followed by NC (41.5 min) and SF mixes (34.5 min). The flocculation rate, Ay;, was
the highest for SF (29.4 Pa/min), followed by NC (23.5 Pa/min) and VM (17.7 Pa/min).
In the study by Perrot et al. (2016), the model parameters obtained for a 3D printable
concrete were 26 min and 28 Pa/min for ¢. and Ay, respectively. Earlier, Roussel
(2006) classified self compacting concrete based on the flocculation rate, A;,. The
mixtures were categorized as non-thixotropic (A, less than 6 Pa/min), thixotropic
(Aypiz between 6 Pa/min and 30 Pa/min)and highly thixotropic (A, higher than 30
Pa/min). However, the classification by Roussel (2006) was based on a linear model
of yield stress with time (Y () = Azt + Y (¢ = 0)), which as observed in this study
and earlier by Perrot et al. (2015), is valid only for short time duration. Therefore,
at present, there is only a limited knowledge on the use of this model and the range
of values for Ay, and t. suitable for layer-wise extrudable mixtures. To gain further

understanding, more studies are needed in this regard.

Penetration resistance and semi-adiabatic heat curves

Penetration resistance and semi-adiabatic heat curves were also determined to describe
the structural build-up with time. Figure 3.14b shows the penetration curves for the
VM, NC and SF mixes. The initial and final set times are shown in Table 3.7. The SF
mix took the minimum time to attain initial and final set while the VM mix took the
maximum time. This indicates that the structural build-up is higher in the SF and the
least in VM mix. This is in agreement with trend observed in the evolution of yield

stress with time plots as shown in Figure 3.14a.
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Figure 3.14c shows the rise in temperature plotted against elapsed time after mixing.
It can be seen that mixes SF and NC show a similar rate of hydration while the curve
for VM was to the right and below the curves for NC and SF. The values of peak
temperature rise and the time taken to reach the peak are shown in Table 3.8. VM took
the maximum time to reach the peak temperature rise as compared to the other two
mixes. This indicates that the the structural build-up due to cement hydration is slower
in the VM mix. The reason for this may be attributed to the higher dosage of chemical

admixtures in VM as compared to the other two mixtures, which results in retardation.

30
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A Mix VM - experimental
Mix SF - model fit
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Mix NC - model fit
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(Athix= 17.7 Pa/s, tc=46 min)
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(c) Rise in temperature by semi-adiabatic calorimetry

Figure 3.14: Assessment of structural build-up in SF, NC and VM mixes
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Table 3.7: Initial and final setting times

Mix name | Initial set time (min) | Final set time (min)
SF 142 298
NC 165 360
VM 252 476

Table 3.8: Time taken to reach peak temperature rise in semi-adiabatic calorimetry

Time taken to reach
. Peak temperature
Mix name . peak temperature
rise (°C)
(hours)

SF 17.7 14

NC 17.3 16.7

VM 14.5 235

Time limit of printability

The time limits of printability for SE, NC and VM were 30, 30 and 45 minutes re-
spectively. The higher time limit of printability for VM mix may be because of its
slow structural build-up as seen in the evolution of yield stress with time plot (Fig-
ure 3.14a). The slow structural build-up was also reflected in the higher initial setting
times (Table 3.7) and the lower peak temperature (Table 3.8) attained in semi-adiabatic

calorimetry for the VM mix.

3.5 Summary

Based on the experiments conducted using a laboratory-scale test bed printer, a yield
stress based mix design approach for 3D printable concrete was presented. It was found
that layer-wise buildability is possible only when the yield stress is within a certain
range (1.5 to 2.5 kPa). Below this range, the mix is too flowable to have shape retention
wheras above this range, the mix is too stiff to allow extrudability. The effect of special
additives like micro-silica, nanoclay and VMA was also examined. The addition of
VMA resulted in the maximum robustness and the addition of micro-silica provided
the maximum rate of structural build-up. The understanding gained from this study on
the small-scale laboratory printer can now be used as a basis for developing printable

formulations for large-scale printer systems.
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CHAPTER 4

SCALING-UP TO A LARGER 3D PRINTER SYSTEM

4.1 Introduction

In this chapter, the mix development for a large-scale concrete 3D printer system, and
the challenges associated with scaling-up are discussed. An important aspect in this
regard is assessing the stability of the concrete when subjected to the higher extrusion
pressure applied in the larger 3D printer system. The tendency for phase separation to
occur during the extrusion process is quantified by using desorptivity as a fundamental
material parameter. Based on desorptivity, an index is developed to evaluate the oc-
currence of phase separation. This study is then extended to develop mixes with the

inclusion of coarse aggregates.

4.2 Materials and methods

4.2.1 Mix proportion

The VM mix developed using the small-scale 3D printer was used the basis for devel-
oping the control mix for the large-scale 3D printer. The reason to choose this mix was
because the special additive used in the mix is a methylcellulose-based VMA, which,
as discussed in the preceding section, can improve the water retention capacity of the
mix. In the VM mix, the aggregates consisted of quartz powder and two types of quartz
sand designated as quartz sand 1 and quartz sand 2. However, since quartz powder and
quartz sand 2 are expensive and not suitable for large-scale 3D printing, the control mix
was developed using only quartz sand 1 as the fine aggregate. The water-cement ratio
(0.32) and the dosage of polypropylene fibers (1.8 kg/m?®) were maintained the same
as that in the VM mix. The proportioning of the all dry materials, as before, was done
by the particle packing method (Fennis and Walraven, 2012) using the EMMA soft-

ware. The final proportion of the dry materials and the water content used in the control



mix is shown in the Table 4.1. The determination of dosage of chemical admixtures

(superplasticizer and methylcellulose) will be explained later in section 4.3.1.

In addition to the control mix, mixes with inclusion of coarse aggregate of maxi-
mum nominal size 10 mm were also developed. Light weight expanded clay aggregate
(LECA) was used as the coarse aggregate. LECA (Figure 4.1) is manufactured by heat-
ing natural clay in a rotary kiln at about 1200 °C. The physical properties of LECA used
are summarized in Table 4.2 and the particle size distribution (PSD) of the dry materials
used are shown in Figure 4.2. In the control mix, the fine aggregates were replaced by
15 %, 30 % and 45 % by volume with LECA to obtain the mixes CA15, CA30 and
CAA45 respectively. Prior to mixing, both quartz sand 1 and LECA were prewetted to
saturated surface dry condition. The proportion of all the dry materials for all the mixes
used are summarized in Table 4.1. It should be noted since the aggregate to binder
weight ratio is maintained the same for all the mixes, the weight of cement, fly ash and
water are lower in CA15, CA30 and CA45 mixes due to replacement with low density
aggregates. For all the mixes containing LECA, the dosage of polypropylene fibers and

the chemical admixture dosages were kept the same as that used in the control mix.

Table 4.1: Mixes proportion for studies with the large-scale 3D printer

. Quantity (kg/m?)

Material T CATS [ CAS0 | CAGS
LECA - 101 210 329
Quartz sand 1 1237 1093 938 769
portland cement 660 637 612 585
Fly ash 165 159 153 146
Water 264 255 245 234

Density 2326 2245 | 2158 | 2063

Table 4.2: Properties of the aggregates used in the study

Property Quartz sand 1 | LECA
Water absorption (%) 2.10 12.0
Specific gravity in saturated surface dry condition 2.68 1.40
Bulk density (kg/m?) 1416 634
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Figure 4.1: LECA used in the study
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Figure 4.2: Particle size distributions of materials used

4.2.2 Mixing procedure

For conducting trials with the large-scale 3D printer, the mixing was done by using a
pan type mixer. At first, all the dry materials including the coarse aggregates were pre-
blended in the mixer for 2-3 minutes. The water mixed with the liquid superplasticizer
was then slowly added to the dry blend. After mixing for about 5 minutes, the mixing

was stopped and the VMA in the powder form was sprinkled over the mix. Then mixing
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was resumed for another five minutes. After this, fibers were sprinkled over the mix in
a similar manner. The total mixing time was 20 minutes and in each batch, about 35

litres of concrete were prepared.

4.2.3 Assessment of phase separation

Theory

As pointed out earlier in section 2.4, the pressure applied during the extrusion process
may cause the liquid phase in the concrete to separate out from the matrix leaving be-
hind a dewatered and unextrudable mass. The dewatering tendency of the concrete may
be characterized based on the Terzaghi’s law for one-dimensional filtration (Terzaghi,
1965). The law states that the cumulative height of the water column that bleeds out
from a filtrate of suspension when subjected to a constant pressure is proportional to the
square root of the time for which the pressure is applied. The constant of proportional-
ity is a fundamental material parameter of the filtrate for a given pressure and is called
desorptivity. Mathematically, Terzaghi’s law can be expressed as (Terzaghi, 1965) as

given by
i = Ritz. A.1)

In the above equation, 7 denotes the cumulative height of bleed water column (mm). It
is obtained by dividing the cumulative volume of bleed water obtained at any time, t by

the cross-sectional area of the filter.

Filtration cell

The desorptivity measurements were made using a filtration cell which consisted of a
cylinder having an opening in the top and bottom cap (see Figure 4.3). The opening in
the top was connected to a pressure line of Argon gas. Just before the opening in the
bottom cap, a Whatman filter paper of 2.6 um pore size was placed. From Figure 4.2,
it can be seen that more than 80 % of all the granular materials used have size greater
than 2.6 ym. Hence, only the pore solution passes through the filter paper which then

drains out through the opening in the bottom cap. Similar arrangement for assessing
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phase separation has been used by various other researchers as well (Khayat et al.,

1999; Green et al., 1999).

(a)

Pressure line Top cap connected to

———— Argon gas pressure
‘ ’ line

Filtration cell (dia. =
79 mm, ht. = 85 mm)

N

Graduation cylinder
— > to measure volume
of bleed water

(b)

Figure 4.3: (a) A photo along with the (b) schematic diagram of the filtration cell used
in the study

To perform the test, the concrete after mixing was transferred to the filtration cell in

two layers, and with each layer given 25 numbers of blows with a tamping rod. The top
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cap is then attached and connected to the Argon gas pressure line. A constant pressure
of 4 kg/cm? is then applied in the cell. The volume of bleed water that drains out
from the cell after different intervals of time, up to of a total duration of 400 seconds is
noted. Desorptivity is then determined from the Terzaghi’s law (Terzaghi, 1965) using
Equation (4.1).

Loss of workability

To assess the loss of workability in the mix due to liquid phase migration, the flow
table test (ASTM C1437-15, 2015) was performed before and after the application of
pressure in the filtration cell. The loss of workability was expressed by the percentage

reduction in the flow value given by

Tnitial flow value - Final flow val
Reduction in flow (%) — -t TOW Vaiue - Tnal Tow Value . 100. 4.2)
Initial flow value

4.2.4 Packing density

The packing density of the different mixes was measured by using the wet packing
method suggested by ?. In this method, to determine the packing density of a concrete
mix, its solid concentration is determined at different w/c. At relatively low and high
w/c, the solid concentration reduces due to the presence of air voids and the loosening
effect respectively. However, at an intermediate w/c ratio called the optimum w/c, the
particles become closely packed, and the measured solid concentration becomes max-
imum. This value obtained at the optimum w/c is taken as the packing density of the

granular skeleton.

For determining the solid concentration at a given w/c, the concrete was filled in a
cylindrical mould of 3 liters capacity. The filling was done in three layers, with each
layer followed by 25 blows with a tamping rod. The solid concentration, ¢ is then given

by

v,
o= 4.3)
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In the above equation, V represents the total volume of all granular materials present
in the mix and V' represents the volume of the container. V; can be determined from the
volume proportion and specific gravity of each material used in the mix. For each mix,

three tests were conducted and the average value is reported.

(b)

Figure 4.4: (a) Large-scale 3D printer and (b) a module printed using it
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4.2.5 Large-scale 3D printer

The large-scale 3D printer used in the study is shown in Figure 4.4 and its different
components are shown in the schematic sketch in Figure 4.5. To allow printing even
with mixes containing coarse aggregates, a piston pump was used as the extruder as
compared to the screw pump used in the small-scale 3D printer. The other components
of the large-scale system include the material accumulator or primer, the piston pump
and the 3D printer along with the nozzle assembly. To perform a printing job, the
material after mixing is manually transferred into the large cylinder of the primer. A
ram extruder is then used to push the material in the primer into the piston pump. From
the piston pump, the material is extruded out at a constant displacement rate though the
print head consisting of a square nozzle of 30 x 30 mm. The transfer of the material
from the primer to the piston pump and extrusion from the pump through the print head
is fully automated using a control system. The bed size of the printer is 750 x 750 mm

and the maximum possible print height is 500 mm.

Figure 4.5: Schematic sketch showing the different components in the large-scale 3D
printer system (taken from the user manual provided by the manufacturer
(Tvasta — Industrial 3D Printing, 2019))
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4.2.6 Extrudability tests using the large-scale 3D printer

To perform the extrudability test, about 6 litres of material is used to fill the cylindrical
piston. The material is then extruded out at a constant displacement rate of 44 mm/s.
For the extrusion of the complete material from the pump, a total time of 330 seconds
is required. If there is phase separation of the concrete mix during extrusion, then there
will be a sudden build-up of pressure, causing the piston pump to stall. The mix is
categorized as ‘fail’ in the extrudability test in such cases. On the other, if the mix is
able to continuously extrude for the total duration of 330 seconds, then it is categorized

as ‘pass’ in the extrudability test.

4.2.7 Uniaxial compression tests to assess buildability

For the small-scale test bed printer, buildability was assessed based on having the re-
quired yield stress to prevent plastic collapse. However, for large-scale additive man-
ufacturing, when tall slender elements are to be printed, the elastic modulus of the
fresh concrete also becomes an important material parameter (Roussel, 2018b). The
importance of elastic modulus is in providing resistance against buckling failure. A few
recent literature have suggested the use of uniaxial compression test of fresh concrete
for assessing buildability (Wolfs et al., 2018; Panda et al., 2019). In such studies, the
stress-strain response of fresh concrete at different early ages is determined. The com-
pressive strength as well as the elastic modulus measured from the initial elastic region
of stress-strain plot are then used to assess the occurrence of plastic and buckling type

collapse respectively.

Therefore, for assessing the buildability of the mixes developed for the large-scale
printer, uniaxial compression tests were performed on cylindrical specimens of size
2.5 x 51in. (63 x 126 mm). To cast the specimens, the concrete after mixing was
extruded through the test bed printer. The extruded concrete was collected and filled
in the cylinder in three layers, with each layer compacted by 25 blows with a tamping
rod. After this, the specimen was demoulded from the cylinder. For materials like fresh
cement paste and concrete, the stress-strain response can depend on the rest duration
of the specimen prior to testing (Wolfs et al., 2018). To characterize the evolution in

the stress-strain response with rest time, the uniaxial compression tests were performed
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on specimens with different rest durations (0, 60, 120, 180, 240, 300, 360 and 420
minutes). For each case, a total of three specimens were tested and the average value is

reported.

(b)

Figure 4.6: (a) Uniaxial compression test setup with the video extensometer system (b)
gauge point detection in the video extensometer system

The testing was done using the Zwick Roell machine fitted with a 5 kN load cell

(Figure 4.6a). The rate of loading was 30 mm/min. Both longitudinal and transverse
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displacement were measured by the use of a video extensometer system. Figure 4.6b
shows the gauge points for the displacement measurements. It should be noted that the
gauge points are chosen along the edges of the specimen, i.e., both the longitudinal and
transverse displacements are measured globally. This procedure was adopted as local
displacement measurements were not possible since it was difficult to attach detection
marker on the fresh concrete specimens without causing any rupture to it. By choosing
the gauge points along the boundary, it was possible to obtain sufficient contrast with
the background to facilitate the detection in the video extensometer system. Prior to
testing, the loading plates were applied with lubricating oil to reduce the effect of the
biaxial stress that may occur due to the friction between the specimen and the loading

plates.

4.3 Results and discussions

4.3.1 Effect of methylcellulose on desorptivity

In the mixture development illustrated in Chapter 1, all mixes were adjusted to have a
yield of 1.6 kPa. This yield stress value was based on experiments conducted using the
small-scale test bed printer fitted with 30 x 20 mm rectangular nozzle. For the large-
scale printer, the nozzle size is 30 X 30 mm. To ensure buildability with the increased
nozzle size, the superplasticizer dosage for the control mix was adjusted such as have
a higher yield stress of 1.9 kPa. This yield stress value was determined based on the
same experiments illustrated in Chapter 3 but by using a 30 x 30 mm square nozzle in

the small-scale test bed printer.

For the control mix, the desorptivity of the mixes having different amounts of
methylcellulose were examined. The addition of methylcellulose causes an increase
in the yield stress of the mix. However, to maintain the yield stress of 1.9 kPa for all
mixes, the superplasticizer dosage was also increased for the mixes with higher methyl
cellulose content. The dosages of methylcellulose and superplasticizer used for the
control mix are summarized in Table 4.3. The control mix was tested with two differ-
ent methylcellulose contents. The maximum methylcellulose content used was 0.25 %.

This was because beyond 0.25 %, the desorptivity of the mix was too low and no mea-
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surable bleed water was obtained, particularly at low pressure values. This maximum

dosage of 0.25 % as well the 50 % of this dosage (0.125 %) were assessed.

Table 4.3: Dosages of superplasticizer and methylcellulose as a percentage of binder
content of the control mix

Trial no. | Superplasticizer (%) | methylcellulose (%)
Trial 1 0.01 0
Trial 2 0.05 0.125
Trial 3 0.08 0.25
10 ‘ ‘
o Trial 1 (0 % methylcellulose) >

o Trial 2 (0.125 % methylcellulose)
* Trial 3 (0.25 % methylcellulose)

O I I
0 5 10 15 20

Square root of time (s'?)

Figure 4.7: Height of bleed water column (i) vs square root of time for the control mix
with different methylcellulose content

Figure 4.7 show the cumulative height of bleed water column (i, in Equation (4.1))
plotted against the square root of time for mixes with different methylcellulose content.
The slope of the graph denotes the desorptivity (R) which gives a measure of water
retaining capacity of the mix. The increase in methylcellulose content decreased the

value of the desorptivity. These results are in agreement with previous studies that
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point out the beneficial effect of methylcellulose in reducing phase separation (Saric-
Coric et al., 2003; Patural et al., 2011; Zhou et al., 2019). This improvement is due to
the intermolecular sorption of water at low dosages and the formation of hydrocolloidal

gels at higher dosages (Biilichen et al., 2012; Brumaud et al., 2013).

4.3.2 Extrudability tests for mixes with different binder types

The results of the extrudability tests for the control mix with different methylcellulose
content are shown in Table 4.4. Only the mix with highest methylcellulose content
(0.25 %) was able to pass the extrudability test. Conventionally, the percentage amount
of bleed water obtained from the tests such as ASTM C1741-18 (2018) is used to eval-
uate the phase separation tendency of mixes. However, such methods are single-point
measurements, i.e. bleed water computed after a fixed amount of time. An index based
on desorptivity can be used to better evaluate the phase separation of printable mortars.
As explained in section 4.2.6, the extrudability tests were performed with 4 kg/cm? of
maximum possible pressure and the time required for complete extrusion of the mate-
rial in the piston was 330 seconds. The desorptivity values of the different mixes at 4
kg/cm? pressure, and the volume of bleed water column (mm) calculated using Equa-
tion (4.2) with ¢ as 330 seconds are also shown in Table 4.4. Now, this value (denoted
as index, /) was normalized with respect to the original height of water column in the
filtration cell. The original height is obtained by dividing the volume of water contained
in the mix added to the filtration cell by the cross-sectional area of the cell. This normal-
ized index value, denoted as I,,,,,,, 1S shown in column 6 of Table 4.4. A distinction can
be seen between the [,,,,.,, values of mixes categorized as ‘fail’ and those categorized

as ‘pass’ in the extrudability tests.

Table 4.4: Results of extrudability tests for different control mix with varing with
methylcellulose content

Mix D‘(’fr‘l’nrsggty Index (I) ﬂzrerf}lje: Extrudability
Trial 1 0.470 8.54 0.43 Fail
Trial 2 0.060 1.09 0.06 Fail
Trial 3 0.037 0.67 0.03 Pass
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To validate the index, I, for over a wide range of mixes, extrudability tests were
carried out on mixes with varying desorptivity values. The mixes used were adopted
from the work of Sharma (2019) and were formulated using different binders, water to
cement ratio and chemical admixture dosages. Sharma (2019) proportioned mixes us-
ing mineral admixtures like ground granulated blast furnace slag (conforming to ASTM
C989 / C989M-18a (2018)) and limestone calcined clay (LC2) blend (with limestone
to calcined clay ratio of 1:2, and kaolinite content in the original clay of 70 %). The
aggregate type, the aggregate to binder ratio and the chemical admixtures (methylcellu-
lose and PCE) used were the same as that used in the current study. Mixes with water
to cement ratio of 0.28 and 0.32 were investigated in his study. All the mixes were
formulated to have a yield stress in the range of 1.5 to 2 kPa by adjusting the super-
plasticizer dosage. The binder type and the chemical admixture dosages used in the
different mixes are shown in Table 4.5. The major findings of the study by Sharma
(2019) were that the desorptivity and hence, the tendency for phase separation for the
different mixes decreases with an increase in the content of water retaining admixtures

like methyl cellulose, decrease in packing density and water/cement ratio.

Table 4.5: Results of extrudability tests for mixes with different binder types and water
to cement ratio (desorptivity values for the mixes taken from Sharma (2019))

W/C Binder type (?75) methy(l;oe)llulose D?ri(z"ﬂp;iév)ity Lo | Extrudability
Osplgg(?soo@; 0.08 0 0282 | 0.26 Fail

032 Osﬁfg(fﬁfz,g; 0.11 0.075 0.037 0.03 Pass
Ofgz(g)o@; 0.25 0 0.086 0.08 Fail
Ofccz(g)f%* 0.30 0.035 0.030 0.03 Pass
0552(2300(7(‘;2;’ 034 | 0070 0028 | 0.03 |  Pass

0.28 Ol;i gg Z;J“ 0.05 0 0224 | 023 Fail
Osplgg(fsooqfo%z)Jr 0-15 0 0.099 0.10 Fail
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The results of the extrudability tests and values of [, for the different mixes
adopted from Sharma (2019) are shown in Table 4.5. From both Tables 4.4 and 4.5, it
can be seen that mixes with the values of [,,,,,,, greater than or equal to 0.06 failed the
extrudability test. Unlike the conventional approach of expressing the water retention
capacity in terms of the percentage of bleed water, the determination of /,,,,,, depends
on the amount of time required for the extrusion of complete material in the piston,
which in turn depends on the extrusion speed. Also, it should be noted that the max-
imum possible pressure of 4 kg/cm? was used in computing the value of I,,,,. This
is a conservative approach, as in the actual case, the pressure may be lower during the
initial stages of the extrusion process. As phase separation starts to occur, the pressure
starts to increase and may reach the value of maximum pressure of 4 kg/cm?. Therefore,

pressure versus time data may be used for a more detailed and accurate analysis.

4.3.3 Effect of coarse aggregate addition on desorptivity and ex-

trudability

From Table 4.4, it can be seen that Trial 3 containing 0.08 % superplasticizer and 0.25 %
methylcellulose passed the extrudability test. Therefore, this was taken as the chemical
admixture dosage for the control mix as well for the mixes containing coarse aggregates
(CA15, CA30 and CA45). Figure 4.8 shows the cumulative height of bleed water col-
umn (1, in Equation (4.1)) plotted against the square root of time for mixes with different
levels of coarse aggregate content. It can be seen that the desorptivity value increases
and hence, the water retention capacity decreases with an increase in the coarse aggre-
gate content. Since the amount of chemical admixtures were kept the same in all the
mixes, the increase in desorptivity may be attributed to change in packing density. As
seen in Table 4.6, the addition of coarse aggregate causes a reduction in the packing
density. Therefore, the increase in desorptivity may be attributed to this reduced pack-
ing density. This is because as packing density increases, it becomes more difficult
for the pore solution to drain out through the granular skeleton, thereby decreasing the

desorptivity.

Due to presence of the larger size coarse aggregates, the yield stress measurement
by vane shear apparatus could not be performed on mixes containing coarse aggregates.

The workability of the mixes was assessed using the flow table test. The results of
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the flow table tests are shown in Table 4.7. The initial flow value is the same for the
different mixes indicating that the addition of coarse aggregate does not cause much
change in the initial workability. The column 3 of Table 4.7 indicates the flow value
after the application of pressure in the filtration cell, and column 4 shows the reduction
in flow value with respect to the initial flow value. It can be seen that there is a greater
reduction in the flow value with an increase in the coarse aggregate content of the mix.
This again can be attributed to the fact that more dewatering occurs in the mixes with
higher coarse aggregate content due to its higher desorptivity value, which in turn, leads
to an increased loss of workability. The results of extrudability tests and the 7,,,,,,, values
computed for the mixes with coarse aggregate are shown in Table 4.8. The mix CA45

pass had a high 7,,,,,,, and therefore failed the extrudability test.

1.2
o Control
1 o CA15 T
* CA30 A
08l CA45
c
0.6
04+
0.2+
0 5 10 15 20

Square root of time (s'?)

Figure 4.8: Height of bleed water column (i) vs square root of time for the mixes with
different coarse aggregate content

Also, it should be noted that the differences in the pressure required to pump can
also be a factor that affects the extrudability of mixes. For instance, Choi et al. (2014)

studied the effect of increasing the aggregate size on concrete pumping. They measured

76



the pumping pressure for different concretes having aggregate sizes varying from 10
to 25 mm. They found that the pressure required increases with an increase in the
aggregate size. However, unlike conventional pumping operations where pipe lengths
can be several hundreds of meters in length, for the 3D printer system used in the current
study, the length of hose pipe connecting piston to the nozzle is only 5 m. Further,
the hose pipe material is a polymer with a low coefficient of friction. Also, prior to
the beginning of the printing operation, the inside of the pipe is lubricated with oil to
further reduce the effect of pipe friction. Due to these factors, the effect of differences
in the pressure required to pump is less dominant. However, for large scale 3D printer
systems involving longer lengths of pipes, it is also important to consider this factor in

the analysis.

Table 4.6: Packing density of different mixes

Mix name | Packing density (%)
Control 68.5
CAl15 67.5
CA30 66.8
CA45 65.3

Table 4.7: Results of flow table tests

Mix name Initial flow | Final flow Reduction in
value (cm) | vaue (cm) | flow value (%)
Control 18.5 18.3 1.1
CAlS 18.4 17.6 4.3
CA30 18.7 17.0 9.1
CA45 18.3 15.6 14.8

Table 4.8: Results of extrudability tests for mixes containing coarse aggregates

Mix D‘z;fggty Loy | Extrudability
Control 0.037 0.03 Pass
CA1S 0.041 0.04 Pass
CA30 0.045 0.04 Pass
CA45 0.057 0.06 Fail
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4.3.4 Uniaxial compression tests to assess buildability

The results of the preceding section indicate that the maximum coarse aggregate (LECA)
content which can be introduced without affecting extrudability was 30 % by volume
of total aggregates (CA30 mix). To examine the effect on buildability, CA30 and the
control mix were subjected to uniaxial compression tests. The load vs displacement
graph for the control mix obtained at different ages is shown in Figure 4.9. For rel-
atively younger specimens, i.e., for specimens with ages from 0 to 180 min (see Fig-
ure 4.9a), the load value is found to increase linearly with the displacement until it
reaches a certain plateau, and thereafter the load nearly remains constant or increases
at a much slower rate. On the other hand, for the older specimens with ages from 240
to 420 min (see Figure 4.9b), the load value is found to decrease beyond this plateau
indicating a softening type behaviour. These results have also been observed by other
researchers (Voigt et al., 2006; Wolfs et al., 2018; Panda et al., 2019). Using the trans-
verse displacement measured at each point, an area correction was applied to convert
the load-displacement to the corresponding stress-displacement graphs as shown in Fig-
ure 4.10. It can be seen that the stress response of the younger specimens (Figure 4.10a)
exhibits an elasto-plastic type behaviour. The stress increases to a certain yield point
and thereafter, there is an onset of continuous plastic deformation. On the other hand,
older specimens (Figure 4.10b) exhibit a strain-softening type response, more typical
of hardened concrete. This difference in the material behaviour is also evident in the
type of failure modes observed in the younger and older specimens. For instance, Fig-
ures 4.11a and 4.11b show the failure modes of specimens at age of 0 min and 420 min
respectively. In can be seen that in the former, there is a continuous plastic deforma-
tion exhibiting a barrelling type failure. No shear cracks could be observed during the
failure. On the contrary, for the latter case, the specimen fails by the formation of shear

cracks similar to the behaviour of hardened concrete.

The load displacement and the corresponding stress-strain graphs for the CA30 mix
are shown in Figures 4.12 and 4.13 respectively. The trends are similar to that of the
control mix, i.e., the stress-displacement response changes from am elasto-plastic to the
strain-softening type response as the material ages. The compressive strength obtained
at different ages and the modulus of elasticity calculated at 2.5 % strain (which is within

the the linear elastic regime of stress-displacement curve) are shown in Figures 4.14
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and 4.15 respectively. Clearly, it can be seen that for both the younger (Figures 4.14a
and 4.15a) and the older (Figures 4.14b and 4.15b) specimens, the compressive strength
and elastic modulus values are higher for CA30 by about 45-60 % and 25-50 % respec-
tively. The reason for this can be attributed to the more amount of dewatering that hap-
pens in the CA30 as compared to the control mix. As seen in the flow values presented
in Table 4.7, the dewatering resulted in a relatively stiffer mix after the extrusion pro-
cess. Therefore, although the dewatering and the subsequent loss of workability can be

detrimental to the extrusion process, this results in the improvement of the buildability

of concrete.
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Figure 4.9: Load vs displacement graph for control mix at different ages from (a) O to
180 min (b) 240 to 420 min

Another aspect that needs to be brought to attention is the evolution rate of com-
pressive strength and elastic modulus. For both the mixes, the strength and modulus
evolve slowly and linearly for the younger specimens, whereas a more rapid evolution
can be observed in the older specimens. These results are similar to the previous study
by Voigt et al. (2006) on extrudable cement composites. This trend can be explained
based on the microstructural development in cementitious systems. At early ages, most
of the hydrates formed are the needle-shaped ettringite crystals. Its formation do not
contribute much towards increasing the compressive strength of the concrete. At later
ages, C—S—H gel starts to form, connecting the particles together and resulting in a more

rigid framework (Mehta and Monteiro, 2006). Therefore at later ages, there is a more
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rapid increase in strength due to the formation of C—S—H gel. This difference can also
be observed in the failure modes of the younger and older specimens (Figures 4.11a
and 4.11b respectively). The younger specimens showed a barrelling type failure with-
out the formation of any shear cracks. On the other hand, for the older specimens,

shear cracks can be clearly seen indicating the breakage of a more rigid connection of

particles.
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Figure 4.10: Stress vs displacement graph for control mix at different ages from (a) O
to 180 min (b) 240 to 420 min
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Figure 4.11: Failure modes of control mix specimen at the age of (a) 0 min (b) 420 min
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Figure 4.12: Load vs displacement graph for CA30 at different ages from (a) 0 to 180
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Figure 4.13: Stress vs displacement graph for CA30 mix at different ages from (a) O to
180 min (b) 240 to 420 min

To describe the transition from the linear to exponential evolution for strength and
elastic modulus, a model with a similar form to that proposed by Perrot et al. (2016)

can be used. The model is given by

T(t) = At (6% - 1) + 7.(t =0) (4.4)

E(t) = Asty (e* - 1) +E(t=0). 4.5)

81



In the above expression, 7.(¢) and E(t) represent the compressive strength and elastic

modulus respectively at any time t. Ay, 1, As and ¢, are the model parameters.
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Figure 4.14: Evolution of 7.(t) for ages from (a) 0 to 180 min (b) 0 to 420 min
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Figure 4.15: Evolution of E(t) for ages from (a) 0 to 180 min (b) 0 to 420 min

Finally, the results from the uniaxial compression tests can be used to predict the
occurrence of both plastic and buckling type failure during the printing process. A
plastic collapse occurs if the vertical stress in the bottom layer at any time t exceeds the

compressive strength of the material. The vertical stress in the bottom layer, 7, (%) can
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be given by

7,(t) = pgh. (4.6)

In the above equation, p represents the density of concrete, g is the acceleration due to
gravity and h is the total print height of the element. If the strength of the material in
the bottom layer is given by 7.(t), then the critical height, H, at which plastic collapse

may occur is given by

H, = : 4.7

The form of the above expression suggests that the critical height is directly propor-
tional to the strength of the material in the bottom layer at the given time and inversely
proportional to the density of the concrete. For CA30 mix, the compressive strength is
higher by 45-60 % (as seen in Figure 4.14). Further, as seen in Table 4.1, the density of
CA30 is lower by 7 % as compared to the control mix. Hence, from Equation (4.7), it
can be found that the critical height increases by 56-72 % for CA30 mix as compared

to the control mix.

To assess the occurrence of buckling type failure, the equation proposed by Roussel

(2018b) can be used. The critical height for buckling failure to occur is given by

1

SE(t)I\3

H. = <L> . 4.8)
pgA

In the above equation, E/(t) represents the elastic modulus at any time t. Moment of

inertia (/) and cross-sectional area (A) are the section properties. It can be seen that the

E(t)\?
critical height is proportional to (L) . Since, E(t) for CA30 is higher by 25-50 %

p
(as seen in Figure 4.15), and the density is lower by 7 %, it can be found that the critical

height increases marginally by 10-17 % for CA30 mix as compared to the control mix.

Although Equations (4.7) and (4.8) provide a rough estimate of the critical height
for plastic and buckling type failure, a more accurate analysis can be made by using
numerical modelling. Further, experimental studies of the printing process with digital
image correlation can give further insights about the failure modes. Such prediction

models can be particularly useful in large-scale additive manufacturing operations. In
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such cases, evaluating failure by performing printing trials becomes difficult due to
the large amount of material, time and effort required. In the current study, uniaxial
compression tests were conducted for ages from 0 to 420 min. This large timescale
of 0—420 min was decided keeping in mind the relatively larger timescale involved in
executing such projects. For experimental validation of the failure models, the printing
must be performed with a large-scale 3D printer having a longer time-gap between layer
depositions. Since this was not possible using the laboratory-scale 3D printer system,

print failure was not experimental assessed.

4.4 Summary

In this chapter, the concerns associated with scaling-up to a larger 3D printer system
were addressed. A desorptivity based approach was introduced for assessing the phase
separation of printable mortars to be used in high pressure extrusion systems. The
dosage of methylcellulose decreased the desorptivity and therefore, increased the resis-
tance to phase separation. Further, printable mixes were developed with the inclusion
of LECA as coarse aggregates. The effect of LECA addition on extrudability and build-
ability of printable concrete were examined. It was found that increasing the coarse
aggregate content increased the desorptivity, thereby decreasing the water retention ca-
pacity. Mixes with up to 30 % volume substitution with coarse aggregate were extruded
successfully. To assess the effect of coarse aggregate on buildability, uniaxial com-
pression tests were carried out on concretes after different ages of casting. For both
the mixes with and without coarse aggregates, the material behaviour changed from an
elasto-plastic type response at early ages to a strain-softening type response (typical of
hardened concrete) at later ages. At any given age, it is found that the addition of LECA
increased both the strength and elastic modulus of the concrete. The reason for this can
be attributed to a higher amount of dewatering that occurs during the extrusion process
for the mixes with the coarse aggregate. Finally, discussions were provided on the effect
of using low density aggregates like LECA in improving the resistance to both plastic

and buckling type collapse that may occur during printing.
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A modular demo structure and concrete furniture elements were 3D printed by using
the control mix developed in this chapter. The details of the construction are illustrated

in Appendix A.
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CHAPTER 5

MECHANICAL PROPERTIES OF 3D PRINTABLE
CONCRETE

5.1 Introduction

In Chapters 3 and 4, the discussions were made only with respect to fresh properties
of 3D printable concrete. This chapter focuses on developing test methods which can
be used for the characterization of the mechanical behaviour of 3D printed elements.
Based on the strength values obtained from the different tests conducted, a procedure is
suggested for its structural design. The study comprises of two stages. In the first stage,
the interface of printed concrete is examined. The porosity of the printed concrete is
determined at the bulk, vertical and horizontal interfaces, and compared with that of
mould cast concrete. The strength at the vertical and horizontal interface is further
characterized by conducting a bond shear test. The bond strength is compared to the
shear strength of mould cast concrete. In the second stage of study, the anisotropy of
the printed specimens and its reasons are examined by testing cubes and beams cut out
from a 3D printed wall prototype. Comparisons are made with respect to the strength
values of mould cast concrete. Finally, based on the results obtained from the study,

perspectives on the structural design of a 3D printed wall element are provided.

5.2 Materials and methods

5.2.1 Mixes used

The mixture formulations made for small-scale test bed printer, SF, NC and VM mixes
(see Table 3.5) were used in the studies for mechanical characterization. These mixture
formulations were designed to have buildability when printed with a rectangular nozzle

of 30 x 20 mm. However, an increased nozzle size of 30 x 30 mm was used for the



printing of elements for mechanical characterization. To ensure buildability with the
increased nozzle size, the superplasticizer dosage was adjusted based on the procedure
illustrated in Chapter 3. The new dosages of superplasticizers were 1.35, 0.99 and 1.41
kg/m? for SF, NC and VM respectively.

5.2.2 Preparation of test specimens

The mould cast cube and beam specimens were prepared in accordance with ASTM
C109 / C109M-16a (2016) and ASTM C348-14 (2014) respectively. For the testing of
printed concrete, specimens were cut out from a 3D printed wall prototype (the details
on the extraction of specimens for the different tests are explained in Sections 5.2.3
to 5.2.6). It should be noted that cutting may induce additional microcracks in the spec-
imens which may adversely affect the strength. To keep such effects to a minimum, a
diamond saw cutter suitable for cutting thin sections was used in extracting the speci-
mens. The wall prototype consisted of two horizontal and six vertical layers. The bond
strength between the layers of a printed concrete element can depend on time gap be-
tween the deposition of the layers (Panda et al., 2018; Le et al., 2012b; Panda et al.,
2017a). As explained previously in Chapter 3, the long-term objective of the research
program at I[IT Madras was to develop a layer- wise extrudable mixture for the additive
manufacturing of a 1.52 x 1.13 m toilet module that is to be fabricated using a printer
that can manufacture full-scale structures. Considering a horizontal print speed of 44
mm/s and assuming that there are two horizontal layers for the wall, the time gap be-
tween two successive horizontal and vertical layers will be 2 and 8 minutes respectively.
Therefore, the wall prototype was also printed maintaining this same time gap between

the layers.

The different stages in the printing process of the wall prototype are schematically
shown in Figure 5.1. At first, a single filament of length 240 mm was extruded (Fig-
ure 5.1a). After this the nozzle was moved horizontally by 30 mm (width of the nozzle)
and an adjacent horizontal layer was printed next to the first layer (Figure 5.1b) after a
time gap of two minutes. Following this, the nozzle was raised by 30 mm (height of the
nozzle) and horizontally moved to align on top of the first layer. A vertical layer was
deposited on top of first layer after a total time gap of eight minutes after the deposition

of the first layer (Figure 5.1c). This process was continued until the entire specimen
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comprising of six vertical and two horizontal layers was printed (Figure 5.1d). Since
the height of the nozzle was 30 mm, the expected height of the wall prototype having
six vertical layers was 180 mm. But 2-3 % compression was observed in the wall pro-
totype for all the mixes. The average heights of wall prototype were 176.3 £+ 1.1, 175.8
+ 1.3 and 175.1 & 1.4 mm for SF, NC and VM mix respectively.

z

Ay

Direction of
printing

(a) Stage 1: Printing of 240 x 30 x 30 (b) Stage 2: Printing of adjacent
mm single layer horizontal layer after a time gap

c

(c) Stage 3: Printing of vertical layer on  (d) Wall element comprising of six
top of the first layer after a time gap vertical and two horizontal layers

Figure 5.1: Different stages in the printing of the wall element

5.2.3 Determination of porosity

For both mould cast and printed concrete, porosity was determined by using 20 x 10
x 10 mm specimens. For the mould cast concrete, the specimens were cut out from
50 x 50 x 50 mm cubes. Four specimens were assessed and the average value was
reported. For the printed concrete, a total of two wall prototypes were printed to obtain
two specimens each from locations 1 to 6 (shown in Figure 5.2). The assessment of
porosity was made at the bulk, horizontal and vertical interfaces of the wall element. For

the assessment of porosity in the bulk concrete, the specimens cut out vertically from
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the location 3 and 4 were used. For the interface between two horizontal layers, the
specimens extracted vertically from the locations 1 and 2 were used. For the interface
between two vertical layers, specimens extracted horizontally from the locations 5 and

6 were assessed.

Direction of
printing

(b) 10 x 20 x 20 mm cut out specimens
for assessment of porosity

z
x*y
5
30
p
N1
6
/

N2

(a) 3D printed wall element

Figure 5.2: Extracting specimens from the wall element for the assessment of porosity

The determination of porosity was by the vacuum saturation method. The speci-
mens were first oven-dried at 50 °C for seven days. After this, they were placed in
a vacuum desiccator for 3 hours to remove any excess moisture and also to allow the
specimens to cool to the room temperature (25 - 30 °C). Following this, the specimens
were kept immersed in the desiccator filled with calcium hydroxide solution and main-
tained under vacuum. After one hour the vacuum was released and the specimens were
kept immersed in the solution for another duration of 18 hours. The vacuum saturated

porosity (p) is given by

My — M,

= — x 100. 5.1
M, .1

p

In the above equation, M, is the mass of the saturated specimen in air, M5 is the mass of

the dried specimen in air and )3 is the mass of the saturated specimen in water. Similar



methods has been previously used by other researchers to determine the porosity of

cementitious materials (Bu et al., 2014; Dhandapani and Santhanam, 2017).

5.2.4 Determination of bond strength

Cylindrical specimens having 25 mm diameter and 40 mm height were used for the
bond shear test. The locations from which specimens were extracted by coring from
the wall element are shown in Figure 5.3. For characterizing the interface between
horizontal layers, six cylindrical specimens each were cut out horizontally from location
I and 2. Similarly for the vertical layers, six specimens each were cut out vertically
from location 3 and 4. Cylindrical specimens were also cut out from 50 x 50 x 50 mm

mould cast cube specimens to assess the shear strength of mould cast concrete.

Direct bond shear test methods are used to determine the strength of overlay ma-
terials (Leutner, 1979). For the current study, a direct bond shear test was performed
on the cut out specimens by using a Zwick Roell testing machine fitted with a 5 kN
load cell. The fixture for bond shear test is shown in Figure 5.4. With the interface at
the centre, the cylindrical specimen is placed horizontally in the grooves of upper and
lower jaws of the fixture. The jaws are then pulled apart at a constant displacement rate
of 0.1 mm/minute. The failure load is divided by the cross-sectional area of the cylinder
to obtain the bond shear strength. The cylindrical specimens cut out from mould cast
cubes were also tested in a similar manner to obtain the shear strength of mould cast

concrete.

5.2.5 Determination of compressive strength

The compressive strength was determined by using 50 x 50 x 50 mm cubes. For
printed concrete, six cubes were cut out from the wall element and tested in three dif-
ferent loading direction (D1, D2 and D3) as shown in Figure 5.5. The locations from
where the cubes were extracted are shown in Figure 5.6. Since the width of wall el-
ement was 60 mm and the required width of cube was 50 mm, a slice of 5 mm was
removed from both sides to cut out the cubes from the locations shown in Figure 5.6.
The locations 1 and 2 were used to obtain cubes for loading along D1 direction while

locations 3 and 4, and locations 5 and 6 were used for loading along D2 and D3 direc-
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tions respectively. Six wall prototype elements were printed such as to obtain a total
of twelve cubes each for the three loading directions. Twelve cubes of 50 x 50 x 50
mm size were also prepared in standard moulds. For both the printed and mould cast
cubes, the loading rate and testing procedure was in accordance with ASTM C109 /

C109M-16a (2016).

Direction of
printing

Interface between
two layers

\ [ 2olon
i
r/l
r (b) Cylindrical specimen of 25 mm
210N dia. and 40 mm height
N

(a) 3D printed wall element

Figure 5.3: Extracting specimens from the wall element for bond shear test

<—— Upper jaw

Cylindrical

1 &
L .
specimen

i

< Lower jaw

Figure 5.4: Fixture for bond shear test
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Figure 5.5: Different loading directions for compression test
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Figure 5.6: Extracting cubes from the wall element for compression test

5.2.6 Determination of flexural strength

The flexural strength was determined by a three-point bending test using 160 x 40 x

40 mm beams. The mould cast beams were prepared in standard moulds. For printed

92



concrete, beams were cut out from three different locations as shown in Figure 5.7.
Since the width of wall element was 60 mm and the required width of beams was 40
mm, a slice of 10 mm was removed from both sides to cut out the beams from locations
indicated in Figure 5.7. When subjected to a horizontal load, a vertical wall can undergo
bending in a vertical plane as shown in Figure 5.8b. For reference, the bending in this
direction will be denoted by E1. The bending along E1 direction was assessed by using
the vertically cut out beams from location 1. Under a horizontal load, a vertical wall
can also bend in a horizontal plane as indicated in Figure 5.9b. The bending along this
direction (E2 direction) was assessed by using beams extracted from locations 2 and 3.
In addition to directions E1 and E2, the beams extracted from location 2 and 3 were also
tested along E3 direction as shown in Figure 5.9c. A total of twelve wall elements were
printed and three beams were extracted from each of them (Figure 5.7). The twelve
vertically cut out beams were used for the loading along E1 direction. Twelve beams
(comprising of 6 from location 2 and six from location 3) each were used for the testing
along E2 and E3 directions. The test procedure and the loading rate were in accordance

with ASTM C348 ASTM C348-14 (2014).

160 mm

Figure 5.7: Extracting beams from the wall element for flexural test
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Figure 5.8: Loading direction for vertically cut out beams
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Figure 5.9: Loading direction for horizontally cut out beams
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5.3 Results and discussions

5.3.1 Porosity

The porosities determined for the three mixes are shown in Figure 5.10. Compared
to the mould cast concrete, the porosity of the specimens extracted from the interface
between horizontal layers was found to be higher by 13.3, 12.9 and 11.5 % for SF, NC
and VM mixes respectively. Likewise, for the specimens extracted from the interface
between vertical layers, the porosity was higher by 15.3, 11.9 and 10.6 % respectively.
Also, as seen in Figure 5.10, the porosity was found to be similar for both vertical
and horizontal interfaces. The higher porosities indicate weak joints being formed at
the interface of the printed concrete specimen. Contrary to this, for the specimens
extracted from the bulk of the printed concrete, the porosity was found be lower by 7.1,
6.9 and 7.3 % as compared to mould cast concrete for SF, NC and VM respectively. This
reduced porosity observed in the bulk concrete may be because of a higher compaction

and packing achieved during the extrusion process.

Therefore, for the time gap and other print parameters used in the current study, a
3D printed element has a more densified bulk but a more porous interface compared to a
monolithic element made with the same concrete. This higher porosity at the interfaces
may result in a relatively lower compressive and flexural strength for printed elements

as will be seen in the subsequent sections.

14

[C_IMix SF[__Mix NC[_|Mix VM|
12 T I N
T Db b
10+ o - .
_ + 1
&8 7
=
i)
6 n
o
a
4l _
ol _
0 Mould cast Printed concrete - Printed concrete Printed concrete
concrete bulk - vertical layer - horizontal layer

Figure 5.10: Comparison of porosities in the bulk and interfaces of printed concrete
with that of mould cast concrete
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5.3.2 Bond shear test

The results of the bond shear tests are shown in Figure 5.11. Compared to the shear
strength of the respective mould cast concrete, the bond shear strength between vertical
layers were found to be lower by 29.2, 26.4 and 22.5 % for SF, NC and VM mix. For
the interface between horizontal layers, the reduction in strength was 24.3, 24.1 and
24.1 % respectively. This further indicates a weaker joint formed at the vertical and
horizontal interfaces. These results are in agreement with the trends observed in the

porosity measurements.
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Figure 5.11: Comparison of bond shear strength with shear strength of mould cast con-
crete

It is to be noted that the bond strength can depend on the print parameters, especially
the time gap between the deposition of layers (Panda ef al., 2018; Le et al., 2012b; Panda
et al.,2017a). For the current study, the time gap between two horizontal layers was two
minutes while it was eight minutes for the vertical layers. In an earlier study, Le et al.
(2012b) conducted tensile bond tests on printed concrete elements and found a strength
reduction of about 23 % for time gaps of 0 and 15 minutes. This reduction is similar to
the values observed in the current study. Also, itis to be noted that preventing drying can
reduce the strength reduction at the interface (Roussel, 2018a; Sanjayan et al., 2018).

However, for the current study no specific care was taken to control drying of the layers.
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All experiments were conducted at the ambient conditions of 30 °C and 70 % relative

humidity.

5.3.3 Compressive strength

The results of the compressive strength tests are shown in Figure 5.12. For all the
loading directions (D1, D2 and D3), the compressive strength of the printed concrete
was lower as compared to the mould cast concrete. For the loading direction D1, the
strength was lower by 16.5, 14.2 and 12.8 % for SF, NC and VM mix respectively.
The strength decrease along D2 direction was 19.3, 18.6 and 15.5 % while along D3
direction, it was 21.3, 19.6 and 16.5 %.

The decreased compressive strength observed for the printed specimens can be ex-
plained as being due to presence of weaker interfaces with increased porosities existing
between layers. Under a compression load, cracks may initiate from these weaker in-
terfaces causing the printed concrete to fail at relatively low stress levels as compared
to mould cast concrete specimens. As seen in Figure 5.12, the compressive strength
values obtained along D1, D2 and D3 are similar. Hence, no anisotropic behaviour was

seen in the printed concrete when subjected to compression.
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Figure 5.12: Comparison of compressive strength of printed concrete with that of mould
cast concrete
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5.3.4 Flexural strength

The results of flexural strength tests are shown in Figure 5.13. The flexural strength was
found to decrease only when tested along E1 direction. The strength decreased by 40,
35.8 and 32.9 % for SF, VM and NC mix respectively. On the other hand, when tested
along E2 and E3 directions, the flexural strength was found to increase. The increase
when tested along E1 direction was 13.1, 14.2 and 15.5 % and when tested along E3
direction, it was 18.1, 18.8 and 19.5 % respectively for SF, VM and NC mix. These

results indicate that printed concrete elements exhibit anisotropic behaviour in flexure.

The reason for this anisotropic behaviour can be explained based on region that is
subjected to maximum bending moment in the three-point bending test. The flexural
tests along the E1 direction are performed with vertical beams extracted from the lo-
cation 1 in Figure 5.7. In this case, the maximum bending moment and therefore the
maximum bending stress develops across the interface existing at the center of the beam.
Since the interface is weak and has a higher porosity, the beam fails at a low stress level
as compared to the mould cast concrete. On the other hand for the loading along E2
and E3 directions, the maximum bending stress occurs in the bulk concrete. As seen in
the porosity measurement, the bulk concrete is more densified and has a lower porosity
as compared to the mould cast concrete. This may explain the relatively higher flexural
strengths obtained when tested along E2 and E3 directions. Similar anisotropic be-
haviour of 3D printable concrete in flexural tests have been also reported by few other

researchers (Le et al., 2012b; Panda et al., 2017a).
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Figure 5.13: Comparison of flexural strength of printed concrete with that of mould cast
concrete
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It must be noted that for the porosity assessment, a total of four samples were tested.
For the direct shear test, the number of tested samples were six while for the compres-
sion and the flexural strength test, a total of twelve samples each were tested. The
bar graphs in Figures 5.10 to 5.13 indicate the average with the error bar as the stan-
dard deviation of the tested samples. The individual test results are also provided in

Appendix B for reference.

5.3.5 Design perspectives for a 3D printed wall

At present, a problem pertaining to the use of 3D printed structures is that there are
no standardized procedures for characterizing its mechanical behaviour (Buswell et al.,
2018). There is a need to understand how the values obtained from the mechanical
characterization can be utilized in formulating a structural design procedure. To ad-
dress this, some perspectives are provided on the design of a 3D printed wall. Further,
a demonstration of how the values obtained from the current test procedures can be

utilized in obtaining the parameters required for the structural design is also provided.

The results shown in Sections 5.3.1 and 5.3.2 indicate that the interfaces between
the layers of a 3D printed element are weaker with higher porosity as compared to the
bulk. Therefore, the design of a 3D printed wall can be considered analogous to that of
a concrete masonry wall with bed joints. For a masonry wall, axial compression, out-of-
plane flexure, in-plane and out-of-plane shear (see Figure 5.14) are important aspects to
be considered in the design (TEK 14-7C, 2013). The design requirements with respect

to each of these aspects for a 3D printed wall are presented in the following sections.

It should be noted that the comparison to a masonry wall may not be applicable for
all cases. In systems where the interlayer bonding is good, the design may be carried
out like a conventional monolithic concrete structure without the need to consider the
effect of interfaces. However, for the cases where the effect of interfaces is significant,

the design procedure outlined in the following sections can be made applicable.

Axial compression

Based on the design recommendations for unreinforced concrete masonry (TEK 14-7C,

2013), the allowable axial compressive stress, f, in a 3D printed wall element can be
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calculated as given below:

_ ot
fo= . (5.2)

In the above equation, f, is the compressive stress measured by the testing of cubes
along the direction D1 (see Figure 5.5) and F is the factor of safety. The factor ¢ is used
to account for the difference in the height to thickness ratio of the actual wall element
with respect to that of the cubes used for measuring the compressive stress. The value of
¢ may be chosen based on the recommendations given in the design codes for concrete
masonry (TEK 14-7C, 2013). But for a more realistic calculation, it can be obtained
by determining the compressive strength of printed specimens with different height to
thickness ratios to obtain an empirical correlation between the compressive strength and
height to thickness ratio. The value of ¢ may be then chosen based on this empirical
relationship. Apart from the failure criteria given by Equation (5.2), the wall may also
undergo a buckling failure. Based on the design recommendations for unreinforced
concrete masonry (TEK 14-7C, 2013), the buckling load (F.) can be calculated by the

following equation:

mEl e \?
P, = i 1—-0577T—) . 5.3

In the above equation, /,,, moment of inertia along the centroidal x-axis and r,,, ra-
dius of gyration along the centroidal x-axis are the section properties. h, e and £ are
the effective height of the wall, eccentricity in loading and the modulus of elasticity
respectively. Although the modulus of elasticity is not computed for the current study,
it can be computed from a strain controlled compression test along D1 direction (see
Figure 5.5) or alternatively by measuring the deflection from a strain controlled bend-
ing test along the E1 direction (see Figure 5.8b) and using the deflection equation to

compute the modulus of elasticity.

Out-of-plane flexure

For a wall element, the out-of-plane bending can occur in two directions - via direc-
tion E1 shown in Figure 5.8b and direction E2 shown in Figure 5.9b. The three-point

bending tests along these these directions therefore provide the flexural strength (f3)
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values needed for the design. Based on the recommendations for unreinforced concrete
masonry (TEK 14-7C, 2013), the moment carrying capacity, M for both E1 and E2

directions can be calculated using the following equation:

1 (Mt P
=7 (5 -%) e

In the above equation, [ is the moment of inertia (/ = [,,, moment of inertia along
centroidal x-axis for the loading along E1 direction while / = I,., moment of inertia
along centroidal z-axis for loading along E2 direction), t is the thickness of the wall,
P is the applied compression load and A is the cross-sectional area of the wall. The
first term on the right hand side of Equation (5.4) denotes the maximum tensile bending
stress while P/ A is the axial compressive stress acting on the wall. If f; calculated from
Equation (5.4) is negative, it indicates that there is net compression under the combined
action of bending and axial compression. In such a case, the maximum compressive

stress is to be computed as shown below:

1 Mt P
Jo= T (——t - —). (5.5)

The value of f;, calculated from the above equation should be less than f,, the maximum

allowable compressive stress computed using Equation (5.2).

Out-of-plane

loading
In-plane

loading

Figure 5.14: In-plane and out-of-plane loading in a wall element
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In-plane and out-of-plane shear

The in-plane and out-of-plane shear are also aspects to be considered in the design of
a wall element. From the design recommendations for unreinforced concrete masonry

(TEK 14-7C, 2013), the shear load, V can be computed by using the following equation:

_vre

fo= %11 (5.6)

The above equation is applicable for calculating both in-plane and out-of-plane shear
stress. In the above equation, b is the width of the section at which the shear stress (f,)
is evaluated, () is the first moment of area between the extreme fiber and the section at
which shear stress is calculated (() = @), first moment of area parallel to x-axis for
evaluating out-of-plane shear stress along E1 direction, () = (.., first moment of area
determined parallel to z-axis for evaluating out-of-plane shear stress along E2 direction
and () = (), first moment of area determined parallel to y-axis for evaluating in-plane
shear stress), I is the moment of inertia (I = I,,, moment of inertia along centroidal
x-axis for evaluating out-of-plane shear stress along E1 direction, / = [,,, moment of
inertia along centroidal z-axis for evaluating out-of-plane shear stress along E2 direction

and [ = [

yy> moment of inertia along centroidal y-axis for evaluating in-plane shear

stress).

When subjected to in-plane loading (see Figure 5.14), shear stresses develop along
the interface between vertical layers. Therefore the bond shear strength between the
vertical layers could be considered as the limiting value for the allowable in-plane shear
stress. Similarly, for the out-of-plane loading along E1 direction (see Figure 5.8b),
shear stress can develop along the interface between vertical layers. Therefore, again
the bond strength between the vertical layers could be used as the limiting stress. For the
out-of-plane loading along E2 direction (see Figure 5.8b), transverse shear stress can
occur along the interface between horizontal layers. Therefore, the bond shear strength

between horizontal layers may be considered as the limiting stress value for this case.

Utilizing the geometric flexibility in design

In 3D printed construction, structures with complex shape can be produced without the

need of formwork. Therefore, for a designer it is important to realize that the load carry-
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ing capacity can be further improved by utilizing this geometric flexibility. For instance,
consider a loading case where the out-of-plane flexure along E1 is more critical. As seen
in Equation (5.4), apart from the bending resistance, f;,, the moment carrying capacity
also depends on section properties such as the moment of inertia. With 3D printed
structures, the designer has the flexibility to choose more efficient cross-sections. For
instance, choosing a hollow rectangular section with the same cross-sectional area in-
creases the moment of inertia and therefore, the moment carrying capacity along the E1
direction. Such shapes can be easily 3D printed without any additional formwork cost

as compared to a conventional concrete structure.

In the foregoing sections, a design procedure for a 3D printed wall element, analo-
gous to that of unreinforced concrete masonry was presented. However, it is to be noted
that for a safe design, the failure of the structure must occur in a ductile manner. For
this, understanding the post-crack behaviour of 3D printed concrete elements becomes

important. Further, the possibility of introducing reinforcements needs to be explored.

5.4 Summary

In this chapter, test methods for characterizing the mechanical behaviour of 3D printed
wall elements were presented. At first, the effect of interfaces present in a printed
concrete element was examined through an assessment of porosity and bond shear test.
The porosity was evaluated using specimens extracted from the bulk as well as from the
interfaces between horizontal and vertical layers of printed concrete. It was found that
the porosity in the bulk was lower by 6-8 % as compared to the mould cast concrete.
On the other hand, the porosity at the interface between horizontal and vertical layers
was found to be higher by 11-14 % and 10-16 % respectively. Therefore, although
the bulk in 3D printed elements is more densified, the interfaces are weak with higher
porosity. The interfaces were further evaluated by a direct bond shear test. Compared
to the shear strength of the mould cast concrete, the shear strength at the interface
between the horizontal and vertical layers was found to be lower by 24-25 % and 22-
30 % respectively. The compressive strength of the printed concrete was similar when
tested in different loading directions but lower by 12-22 % as compared to the mould

cast concrete. This reduction in compressive strength may be due to the higher porosity
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at the interfaces present in printed concrete elements. The flexural strength was found
to depend on the region subjected to the maximum bending moment. When tested
along the direction where the maximum bending moment and therefore the maximum
bending stress occurs at the weaker interfaces between layers, the flexure strength was
lower by about 32-40 %. On the other hand, the flexural strength was found to increase
by 13-20 % when tested in directions where maximum bending stress is induced in the
bulk concrete, having a lower porosity as compared to the mould cast concrete. Finally,
some perspectives were provided on formulating a structural design procedure for a 3D

printed wall element.
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CHAPTER 6

A THERMODYNAMIC-BASED RHEOLOGICAL
MODEL FOR CEMENTITIOUS SYSTEMS

6.1 Introduction

The mix development approach for 3D printable concrete developed in this work has
been mostly based on empirical methods. For instance, in Chapter 3, the range of yield
stress that allows both extrudability and buildability was experimentally determined us-
ing trials conducted with the small-scale test bed printer. Therefore, it must be noted
that the performance of developed mixes is dependant on the 3D printer system used
in the study. However, simulation studies of the extrusion process can be performed
to examine if the developed mixes are extrudable using other 3D printer systems or to
predict the deformation in the printed layer when there is a change in print parame-
ters like the nozzle dimensions. In this regard, there is a need for a complete three-
dimensional rheological model that can describe cementitious systems. Although there
are existing rheological models, these models have several shortcomings, such as being
only one-dimensional and not necessarily complying to the fundamental requirements
of continuum mechanics and thermodynamics. In this chapter, using a thermodynamics
based approach, a three-dimensional model is developed for cementitious systems. The
yielding behaviour is described by using the notion of multiple natural configurations.
A structural parameter, with its evolution with deformation, is used to characterize the
thixotropic behavior. The solution of the proposed model for a torsional flow problem

and its corroboration with the experimental results are also presented.



6.2 Development of the model

6.2.1 Preliminaries

Let x, be a reference configuration, and x; be the current configuration at any time, t,
of a body, as shown in Figure 6.1. Upon the removal of the external forces acting on the
body, it is assumed that the body instantaneously takes a new configuration, r,, which
is referred to as the preferred natural configuration. A more detailed description of the
framework of natural configurations can be found in the work of the Rajagopal (1995).
Let the gradient of the mapping from «, — k; be denoted as F,, , that from x, — &,

and K, — k), be denoted as F,,, and G, respectively. F, , F, , and G are related through
F, =F,G" (6.1)

Let L be the velocity gradient. Therefore,

L:=F,F." (6.2)
Let L, be defined as follows
L, =GG™. (6.3)

Taking the time derivative of Equation (6.1) and using Equations (6.2) and (6.3), it can

be shown that
F, =LF, —F, L, (6.4)
Let B,;, be given by
B., :=F,F, . (6.5)
Substituting from Equation (6.1) in Equation (6.5),

B, =F.G 'G"F/ . (6.6)
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Taking the time derivative of Equation (6.6) and using Equations (6.1) to (6.3), it can

be shown that
B., = —2F,DJF. +LB, +B,L, (6.7)

where D, is the symmetric part of L,. The upper convected or Oldroyd derivative

(Oldroyd, 1958) for B, is given by
v .
B, =B, —LB, —B,L". (6.8)

From Equations (6.7) and (6.8), it can be shown that

v
B., = —2F, D,F, . (6.9)

Reference configuration: &

/F\Current configuration: «;
K

O

Natural configuration: «,

Figure 6.1: Reference, current and natural configurations

6.2.2 Thermodynamic considerations

In developing the constitutive equation, it is assumed that the material can undergo only

isochoric motions. Therefore, it is stipulated that
tr(L) = tr(L,) = tr(D,) = 0. (6.10)
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By using Equations (6.5), (6.8) and (6.10), it can be shown that

v
B, .B. ' =0. (6.11)

For isothermal processes, the rate of dissipation, &, is given by the equation (see

Rajagopal and Srinivasa (2000))
¢=T.L—py >0, (6.12)

where T is the stress tensor, and v is the Helmholtz potential. Let the Helmholtz poten-

tial, 1) be a function of the stretch tensor, B, and also a structural parameter, Al

b =P(B,,, ). (6.13)

Using the chain rule of differentiation and using Equation (6.7), the material time

derivative of ¢ can be obtained as

o o O N

h=2——B,.D—2F ——F, D, + )\ 6.14
,QZ) aBHP P Kp aBHF D p + 0/\ ( )
By substituting Equation (6.14) in Equation (6.12), it can be shown that
o r 0V 0 s
T—-2p—B, | D+2F, —F, .D,—p—A=¢>0. 6.15
( p@B,{p p) + P Kp 8Bnp p* P pa)\ f - ( )

The above equation must hold for all possible values of D, D,, and /'\, including the

cases where D, = 0 and A = 0. This implies that

T=T - pl, (6.16)

. O
h T:=2p—B, . 6.17
where paBHp . ( )

In the above equation, the term p1 arises due to the incompressibility constraint. Substi-
tuting, Equations (6.16) and (6.17) in Equation (6.15), and also using Equation (6.10),
it can be shown that

r 0V 0

top FrDp—paih =620, (6.18)

9)F
p B3\
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The rate of dissipation is assumed to be of the form
¢ = €(By,, A\, Dy, N). (6.19)

Proceeding along the lines proposed by Rajagopal and Srinivasa (1998), it is assumed
that the state of the body changes such that the rate of dissipation is maximized with
respect to D, and A, subject to the constraints of incompressibility (Equation (6.10)) and
the reduced dissipation equation (Equation (6.18)). For the constrained maximization
of the rate of dissipation function, £ using the Lagrange method, an auxiliary function,
&*, is defined as

r O A .
& =€ — k:(g—z 1 7B, ——F, .D, +pa>\)\> —4(1.D,). (6.20)

In the above equations, k and ¢ are Lagrange multipliers. For finding the maxima, the
derivatives of the auxiliary function {* with respect to D, and )\ are set equal to zero.

This results in the following equations:

S —
kaDp_FHpTFﬁp q1, 6.21)
oc o

km_ Py (6.22)

~

where k = T and g = % Equations (6.21) and (6.22) represent the evolution equa-
tion for B,;, and A, respectively. The values of k and ¢ can be determined by the satis-

faction of the constraints given by Equations (6.10) and (6.18).

6.2.3 Specific constitutive assumptions

Specific forms for i) and & are proposed that will result in a constitutive equation that

can describe these attributes of cement paste. Let the Helmholtz potential and the rate
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of dissipation function be as follows:

pU(F, ) = % (A) [tr(B.,) — 3] +aX?, (6.23)
£ =Y(Naz +n(\a+ch?, (6.24)

where () = ppe™?, (6.25)
Y(A) = Yoe?, (6.26)

n(A\) = ne™*, (6.27)
a=F,D,F, D, (6.28)

In the above equations, 1(A) is a shear modulus function, and Y (\) and n(\) are the
yield stress and viscosity functions, respectively. The expression for the extra stress can

be obtained by combining Equation (6.23) with Equation (6.17):
T = pu(\)By,. (6.29)

To describe the yielding behavior in the model, an approach similar to that by Srinivasa
(2001) 1s used. Due to the presence of the term Ya2 in Equation (6.24), ¢ is non-
differentiable when D,, = 0. It is, therefore, necessary to consider two cases, separately

- when D, = 0 and D,, # 0. When D,, = 0, Equation (6.24) becomes
£ =c\ (6.30)

Since ¢ is a function of only, the auxiliary equation (Equation (6.20)) is first modified
by setting D, = 0. Then, its derivative is set to zero for maximization of £ with respect

to A. Using D, = 0 in Equation (6.9), the following constitutive equations can be

obtained
v
B, =0, (6.31)
2ckA = —niu()) [tr(B,,) — 3] — 2aA. (6.32)
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Substituting D, = 0 in Equation (6.18) and by using Equation (6.22), it can be shown

that

&
%5
o\

k= (6.33)

Substituting Equation (6.30), the value of £ can be obtained to be

1
k:

3 (6.34)

Now, consider the case when D, is non-zero. From Equations (6.24) and (6.28), it can

be shown that

o€ i
e 2n(>\)] C,.D,, (6.35)
where C,,, := F} F,,. (6.36)

Equation (6.35) was derived using the fact that C,, and D, have the same eigenvalues
and, therefore, commute. By substituting Equation (6.35) in Equation (6.21) and using

Equation (6.9), a relationship can be obtained for B, as follows:
1 1 v
T—ql=—5k [Y(A)a s+ 29())| B, . (6.37)

By substituting Equations (6.23) and (6.24) in Equation (6.22), it can be shown that
the evolution equation for A will remain the same as that given by Equation (6.32). By
substituting Equations (6.21) and (6.22) in Equation (6.18), and using Equations (6.10)

and (6.16), the value of k can be obtained as

§
k ﬁ . %}\. (6.38)
oD, " 9\
From Equations (6.24) and (6.35), it follows that
3 2
b Y (Naz +n(A)a+cA 6.39)

Y (A)az 4+ 2n(N)a + 2¢A2
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Taking the inner product with B;pl on both sides of Equation (6.37) and using Equa-

tions (6.11) and (6.29), the value of q can be obtained as

(6.40)

Substituting from Equation (6.9) in Equation (6.37) and post-multiplying with F;pT on

both sides, the following result can be obtained
kY (\)a":F,, D, = (T - ql) F.” — 2kn(\F,,D,. (6.41)

Taking the inner product of Equation (6.41) with itself and using Equations (6.9) and (6.28),

it can be shown that

kY (\)]2 = (T - ql) . (T - ql) B, + 2k(V)B,.. (T - ql) B! + 4[kn(\)a.
(6.42)

By substituting Equations (6.29) and (6.40) and using Equation (6.11), it follows that

Y OV = OV [17(B,) = s |+ 2An()tr(By,) + 4lkn ()
p (6.43)
When D,, tends to zero, the above equation reduces to
(kY OO = (10 [mBH,,) - L] - (644
tr(B,))
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The above equation represents the yield criterion. The final constitutive equations are

summarized as follows

Yield criterion:  [RY(V]2 > [\ | tr(By,) — —o—
Y tr(Bﬁp)
v
+2kn(\)p(N)tr(By,) + 4[kn(\) .
Stress: T= —pl+ pu(N)B,,.
v
Below yield: B., = 0.
v 2
Above yield: B,, = 3 [L(N)B,, — ql].
Evolution of \ : 2ckA = —nyp(N) [tr(B,,) — 3] — 2a\. (6.45)
.= 3p(A)
tr(B,))’
. Y (Naz + n(A\)a + cA?
YNz + 2p(N)a + 2cA2
/JJ(A) = Moenlka

Y(\) = Ypem2,
n(A) = noe™?,
b — k[Y(A)a—%+2n(A) .

6.2.4 Relationship with the Bingham model

The three-dimensional form of the Bingham model is given by the following equation

(Beverly and Tanner, 1992)

Yield criteria: Y > Iy,
Below yield: D= 0, (6.46)
Y A
Above yield: +n|D= T.
’ (ﬂJD ")

where 115 and I I are the second invariants of D and T, respectively. To show the sim-
ilarity between the proposed model and Equation (6.46), Equation (6.9) is substituted

in Equation (6.37) which gives the result

k|Y(Na~2 +2p(\) | Fo, DFL =T —ql. (6.47)
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Pre-multiplying with F;pl and post-multiplying with F;pT on both sides of Equation (6.47),

and on re-arranging, it follows that

Below yield: D,= 0,

Y (A . (6.48)
Above yield: [L + 277()\)} D,= -F.! (T — ql) F. '

Ja

The above set of equations of the proposed model has a form similar to that of Equa-
tion (6.46). If p(\) tends to infinity, it can be shown that D, — D, and the scalar
a — I1p. Further, if Y'(\) and n(\) are also taken as constants, the proposed model

will reduce to the Bingham model.

6.2.5 Thixotropic behavior

To understand how the structural changes due to thixotropy are accounted for in the
model, the evolution equation for A (Equation (6.45)5) must be examined. For instance,
consider the case when the material is subjected to a simple-shear motion. Because of
the form for T given by Equation (6.45), the value of ;(\)[tr(B,,) — 3] increases as
shearing occurs in the material. If ) is initially zero and n, is negative, then the form
for the evolution equation for A\ suggests A would increase with time. The term 2a\
would, however, ensure that the A would eventually approach a steady state. Consid-
ering ny and ng also as negative constants, this implies that the modulus, yield stress,
and viscosity functions decrease as the value of \ increases, which in turn, captures the
shear-induced structural breakdown in the material. In the absence of shear, the term

nyp(A)[tr(B,,) — 3] becomes zero. In this case, Equation (6.40) becomes
2ck\ = —2a. (6.49)

An analytical solution for A can be obtained for the above equation and is given by

A(t) = Xoexp <—%) ) (6.50)

The above equation gives A as a function of the rest time, ¢, with A\ being value of A
immediately before the shear load is removed. Considering a and c as positive con-

stants, the above equation suggests that the value of A decreases with the rest time, t.
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Since ni, n9, and ng3 are negative constants, this implies that the modulus, yield stress,
and viscosity functions increase as the rest time increases, which in turn, describes the

structural build-up in the material in the absence of deformation.

In this way, A = 0 indicates a fully intact microstructure with no degradation, while
A = oo represents a completely broken down microstructure for the material. The
evolution equation for A is such that the structural parameter increases when subjected
to deformation. But, this increase is reversible in the sense that the value for \ will
decrease in the absence of deformation. In this manner, the reversible changes due to

thixotropy is described by the model.

6.3 Experimental work

6.3.1 Materials used

Initially, the experimental corroboration of the model was planned to be done using the
VM mix developed for the small-scale 3D printer (Chapter 3). However, due to the
large size particles of quartz sand 1 and quartz sand 2 (having dsy of 434 and 750 mi-
cron respectively) contained in the VM mix, the mix could not be tested in the dynamic
shear rheometer used in the current study. To facilitate the testing in rheometer, an at-
tempt was made to obtain an equivalent mortar for the VM mix with only the smaller
size quartz powder (dso of 24 micron) as the fine aggregate using the concrete equiv-
alent mortar (CEM) method (Assaad and Khayat, 2004; Erdem et al., 2009; Kabagire
et al., 2015). However, based on the preliminary studies, the CEM mix was found to
be not truly representative of the original VM mix (the procedures involved in pro-
portioning the CEM mix and its comparison with the original VM mix are illustrated in
Appendix C). In light of this, it was decided that the model validation will be performed
using a non-representative cement paste sample. Later, as a future scope to the current
study, the model will be extended to mixes developed in the current study by conducting

experiments using rheometer capable of testing mortars and concrete.

The cement paste used in the study was prepared using an ASTM Type I cement
ASTM C150 / C150M-19a (2019) with a water-to-cement ratio of 0.3. The cement

used had a specific gravity of 3.15 and has a Blaine and BET specific surface area of
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412 and 1318 m?/kg, respectively. Its oxide composition is shown in Table 6.1. A
polycarboxylic ether (PCE) based superplasticizer was used at a dosage of 0.3 % of the

cement content. The superplasticizer was used in the liquid form with a solid content
of 34 %.

The mixing was done using a high shear blender. At first, the water mixed with the
superplasticizer was added to the mixer, followed by the cement. The mixing was done

for a total duration of two minutes.

Table 6.1: Oxide composition of cement used

Oxide present | Quantify (% by mass)

CaO 63.21

Si0, 19.60

Al;,O3 4.09

F€203 3.39

MgO 3.37

SO3 3.17

LOI 2.54

Figure 6.2: Dynamic shear rheometer attached with 20 mm parallel plate fixture
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6.3.2 Rheological measurements

Performing rheological experiments on suspensions like cement paste can be quite chal-
lenging. Some of the aspects that needs to be considered while planning such experi-
ments are summarized in Appendix D. The rheological experiments for modelling work
were done during a one month exchange program to Arizona State University, Tempe,
USA. The measurements were carried out using a dynamic shear rheometer fitted with
a parallel plate geometry with serrated upper and lower plates (Figure 6.2). The diam-
eter of the plates was 20 mm, and the gap between the plates during measurement was
I mm. Prior to performing the actual testing, all mixes were subjected to a pre-shear.
The pre-shear consisted of applying a constant strain rate of 10 s=! for a duration of
60 seconds, followed by a rest period of another 60 seconds. Two sets of tests were
carried out. In the first set, a constant strain rate was applied, and the stress response
was monitored over a total duration of 100 seconds. Such experiments were conducted
at strain rates of 0.1, 0.3, 1, 3, and 10 s~ !. A fresh cement paste was used for each
case. The second set of experiments consisted of shear ramp-up and ramp-down ex-
periments. The shear rates applied during the ramp-up and ramp-down experiment are

shown in Figure 6.3. All tests were performed at least twice to confirm repeatability.

I I
10s™
< 35’ 3s
K2
Q
©
£
©
N 1s! 1¢1
0.3s 0.3s
| | | | | | | |
0 30 60 90 120 150 180 210 240 270
Time (s)

Figure 6.3: Ramp up and ramp down of strain rate
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6.4 Corroboration of model with experimental data

6.4.1 Solution for torsional flow

Considering a cylindrical coordinate system, the velocity gradient for the torsional flow

in the parallel-plate geometry was assumed to be of the form:

0 20 0
L=1| :0 o »Q |, (6.51)
0O 0 O

where () represents the twist per unit length. A semi-inverse approach was used to

obtain the solution, by assuming a form for B,

By 0 0
Bﬁp = 0 Byy  Bog . (652)
0 By Bss

Substituting Equation (6.52) in Equation (6.51), it can be shown that

By 0 0
V .
Bnp = 0 BQQ — 2’.}/B23 B23 — ’.}/ng > (653)
0 By — 4B Bss

where 7 is the shear strain rate. The value of B,;, and A can now be obtained by substi-
tuting Equation (6.53) in Equation (6.45)3 and (6.45), and solving the resulting ordinary
differential equation along with the evolution equation for A (Equation (6.45);) using a

numerical method. The torque can be obtained by

R
M(t) = 2w / Ty.r’dr = 27 / (1(\) Bysr?dr. (6.54)
0 0
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Steady-state flow condition

With time, both B,, and A will reach steady-state conditions. Under the steady-state

conditions, Bﬁp = 0. Using this condition in Equation (6.53), it follows that

0 0 0

\Y%

Bnp = 0 —2’}/323 —")/ng . (655)
0 —*9DBys 0

Substituting Equation (6.52) in Equation (6.45),, the following result can be obtained

o 5 M(/\)Bn —q 0 0
Bnp = _a 0 IU()\)BQQ —q [1,()\)823 . (656)
0 (A) Bas p(X)Bss — q

Solving Equations (6.55) and (6.56), and using the steady-state condition A= 0in

Equation (6.45)5, the following equations can be obtained for the steady-state condition

1 0 0
. q 422 4242
Bro = sy | Y trane mor | (©.57)
~2¢2
U eV 1
0 =nipu(N) (tr(B,) — 3) + 2aA. (6.58)

The incompressibility condition implies that det B, = 1. Therefore,
nN)
-
2]3
1)
[1 +2%5) }

The steady-state values of B,, and A can be obtained by solving the above equations

q= (6.59)

using a numerical method.

6.4.2 Model parameters by manual fitting

For determining the model predictions for the constant strain tests, the Equations (6.57)

and (6.59) were solved using an ODE solver in Matlab R2019a. The stress obtained was
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used to determine torque by evaluating the integral in Equation (6.54) using Simpson’s
method. The parameters 1o, Yy, 79, 1, N2, and ng can be determined by fitting the
steady-state response of the model to the steady-state results from the experiments. The
remaining model parameter, ¢, was determined by the fitting of the entire torque vs.
time curve. From Figure 6.4, it can be observed that the steady-state torque versus the
strain rate curve has a non-zero y-intercept, which will depend on the initial yield stress
(Yo) and initial modulus (o). Also, from Figure 6.4, it can be seen that the material
has a shear-thinning behavior. In the model, this is characterized by making the yield
stress and the viscosity as decreasing functions of the structural parameter, A\. The
shear-thinning behavior will also depend on the evolution of the structural parameter
with time. This is controlled by the parameters a, 1, 71, and c. From the entire torque
vs. time curve shown in Figure 6.5, it can be seen that the torque initially overshoots to
reach a peak, and then decreases to reach a steady state. In the model, this overshoot
is described by making the yield stress and modulus as a function of the structural

parameter, i.e., by controlling the values of n; and n,.

A manual fitting was conducted, as shown in Figures 6.4 and 6.5, to determine the

model parameters as given below:

o = 100 Pa,

Yy = 27Pa,

o = 355 Pa-s,

ny = -0.09, 6.60)
ny = -32,

ny = -13.7,

a = 1,

c = 10.

6.4.3 Ramp up and ramp down of shear rate - experiment and

model prediction

The model prediction of torque during the ramp-up and ramp-down of strain rates was
obtained using Matlab R2019a and compared with the experimental data, as shown in

Figure 6.6a. From the experimental data, it can be observed that for a given strain rate,

120



the torque overshoots for the ramp-up portion is lower than that obtained for the steady-
shear experiments (Figure 6.5). During the steady-shear experiments, the sample was
given a rest duration prior to the application of shear. On the other hand, in the ramp-up
and ramp-down experiment, there were no rest periods provided between subsequent
steps of shear-rate. As a result, the initial structure of the material is relatively more
broken down and, the torque overshoot obtained during the ramp-up portion for a given
strain rate is relatively lower than that obtained in the steady-shear experiment. In the
model, this is characterized by the evolution of the structural parameter, A as shown
in Figure 6.6b. With an increase in step strain rate, the value of structural parameter
increases to higher values. Since yield stress and the modulus are decreasing functions
of the structural parameter, this decreases the torque overshoot as compared to that

obtained in the steady-shear experiments.

In summary, the model predictions of both the transient and the steady-state torque
compare well with the experimental data. This indicates that the proposed model is
able to capture the time-dependent changes associated with the thixotropic behavior of

cement paste.
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Figure 6.4: Comparison between model prediction and experimental values of the
steady-state torque at different strain rates
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Figure 6.5: Comparison between model prediction and experimental values of the evo-
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Figure 6.6: (a) Torque versus time, and (b) A versus time during ramp-up and ramp-
down of strain rate

6.5 Other variants of the model

In deriving Equation (6.45), specific forms were chosen for the Helmholtz potential, 1)
and the rate of dissipation function, £, so that the resultant constitutive equations can
accurately model the rheological behavior of cement paste in the experiments. However,

other variants of this model can also be developed using the same framework. For
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instance, let ¢ be given by Equation (6.23) and & be as follows

£=YB2 +nB+c)\ 6.61)
where § =D, .D,,. (6.62)

By following similar procedures to that shown in section 6.2.3, the following con-

stitutive equations can be obtained:

tr(B,)]?
Yield criterion:  [kY (M)]* > [w(N)]* [tr(BZ ) — M
v
+2kn(A) p(Ntr(By,) + Alkn(A)]*B.
Stress: T= —pl+ pu(NB,,.
v
Below yield: B, = 0.
v 2
Above yield: B, = 3 [L(M)B,, —ql] B,
Evolution of \ : 2ckA = —nyu(N) [tr(B,,) — 3] — 2a\. 6.63
p(A)tr(By,) (6.63)
q= 3
L YBE (B + el
Y(A)B2 +2n(\)3 + 2¢A?’
p(A) = poe™?,
Y(A\) = Yeens,
n(A) = noe™?,
o= k[Y(N8E+ 2],

The above model can also describe both yielding and thixotropic behavior.

A Herschel-Bulkley (Herschel and Bulkley, 1926) type model can also be obtained
using the same framework. The three-dimensional form of the Herschel-Bulkley model

can be written as

Yield criterion: Y > Iy,

Below yield: D= 0, (6.64)
Y n—1 “

Above yield: (— +nplly? ) D= T.

VIIp

where I abd [ are the second invariants of the deviatoric stress and velocity gra-

dient tensor, respectively, and 7y and n are the viscosity parameter and the power-law
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index, respectively. Let the specific forms for 1 and ¢ be as follows

~ 1
p(F , A) = §M(A) [tr(B,,) — 3] +a\?, (6.65)
£ =Yaz +na" + cA?, (6.66)
where a = F,, D,.F, D,,. (6.67)

This will result in the following constitutive equations:

Yield criterion:  [FY(\2 = [\ |tr(Bo) — ——— | +
v tr(B,{p)
v
2kn(A\)p(N\)a" " tr(By, ) + 4[kn(A\)*a*"

Stress: T= —pl+pu(NB,,.

v
Below yield: B, = 0

v 2
Above yield: B,, = =3 [W(N)B,, —q1].
Evolution of \ : 2ckA = —nu(N) [tr(B,,) — 3] — 2a\.

30()) (6.68)
q= m7

Y(A)az +n(A)a” + cA?
Y(Naz + 2p(\)nat + 2¢A?’
p(N) = poe™?,

Y(\) = Ypem,

77(/\) = 7706”3)\7

¢ = k[Y()\)of%Jr%()\)noz”‘l .

By using a similar procedure to that shown in section 6.2.4, Equation (6.68)3 and (6.68),

can be rearranged to get the following equations

Below yield: D,= 0,
Y (A 1
Above yield: ( W an(A)a”—l) D, = ZF] (T - ql) F.”.

1 K
o2 v

(6.69)

The above set of equations has a form similar to that of Equation (6.64).
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6.6 Importance and possible improvements in the cur-

rent work

The current work presents a thermodynamic-based framework for developing models
that can describe the rheology of cementitious systems. The characteristics required
while choosing the specific forms for the Helmholtz potential and the rate of dissipa-
tion functions that are essential for developing such models are pointed out. The model
developed using one such form was described extensively and corroborated with the ex-
perimental data. Although there is good experimental corroboration, the large number
of parameters used is a shortcoming. There exist phenomenological models with lesser
model parameters that can describe the rheological behaviour of cement paste (Rous-
sel, 2005). However, it must be noted that, compared to a complete three-dimensional
model obtained using the current approach, such phenomenological models are only
one-dimensional. Further, the compliance of such models to fundamental laws of con-

tinuum mechanics and laws of thermodynamics is questionable.

With respect to the rheology of cement paste, another aspect that warrants discussion
is the occurrence of shear banding in yield stress fluids. Fall ez al. (2010) observed that
when thixotropic yield stress fluids are subjected to different sustained shear stress, no
flow occurs when the strain rate corresponding to the applied stress was below a critical
non-zero value, indicating a discontinuity in the flow with respect to the stress. The
specific forms for ) and £ described in Section 6.2.3 does account for the occurrence of
shear banding. A constitutive equation for the structural parameter that can also capture
the effect of shear banding is described in the work by Roussel et al. (2004). Based on
this work, further improvements may be made in the forms for ¢ and &, which can also

capture the effect of shear banding using the thermodynamic framework.

Another aspect is the fact that the cement particles undergoes hydration reaction as
time proceeds. Within the thermodynamic framework, chemically reacting systems can
also be modelled (Kannan and Rajagopal, 2011). Therefore, incorporating the effect of
cement hydration would also be another aspect that could be explored in future works

using this framework.
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6.7 Summary

In this chapter, a rheological model for cement paste was formulated using a thermo-
dynamic framework. The yielding behaviour was accounted for in the model by using
the approach of multiple natural configurations. The structural changes associated with
thixotropy were captured using a structural parameter and its evolution with deforma-
tion. The final constitutive equations were obtained using the second law of thermo-
dynamics and the maximum rate of dissipation criterion. From the corroboration of
the model with experimental results, it was seen that the proposed model can describe
both the yielding behaviour as well as the reversible structural changes associated with
thixotropy of cement paste. The it is unable to account for the effect of sear banding
as well as for the irreversible structural changes with time due to cement hydration.
However, the framework developed in this study can be suitably extended so that these

features are also captured by the model.
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CHAPTER 7

CONCLUDING REMARKS AND WAY FORWARD

7.1 General conclusions

Extrusion-based concrete 3D printing is a promising technology for the future. But to
harness the technology, it is paramount to understand its material requirements. In this
work, the mixture design, the mechanical properties and the development of a rheolog-
ical model that can be useful for simulation studies in 3D printing were presented. The

general conclusions are as follows:

1. In this work, a systematic procedure is presented for the mixture proportioning of 3D
printable concrete. The approach is based on adjusting the superplasticizer dosage
such that the mixture has a yield stress that allows both extrudability and buildability
during printing. It was shown that the addition of methyl cellulose is required to
obtain robust printable mixtures. On the other hand, the additions of nanoclay and

silica fume can provide an increased structural build-up for the mixtures.

2. An approach-based on desorptivity was formulated for assessing the water drainage
that may occur when high pressure is applied during an extrusion process. Using this
approach, an index was formulated that can predict the failure in extrudability tests
when phase separation occurs in the concrete mixture. This approach can be used to
design mixtures for large-sale 3D printer systems where cementitious systems are to

be subjected to high extrusion pressure.

3. The uniaxial compression tests can be used to characterize the early age mechanical
behaviour of 3D printed concrete. Using the strength and elastic modulus obtained
from the tests, a rough estimate of failure height considering both plastic and buck-

ling collapse that may occur during printing can be obtained.

4. For an accurate analysis of failure or to assess the deformation in the layers during

printing, simulation studies are needed. A three-dimensional rheological model was



5.

developed based on a sound thermodynamic framework for cementitious systems.
The model can capture the yielding and the thixotropic behaviour and can be useful
in simulation studies of the printing process. The model can also be useful for other
applications like predicting formwork pressure in SCC and also for designing slip-

form concrete.

From this work, insights are also provided about the hardened properties of 3D print-
able concrete. Due to the presence of interface between the layers, the compressive
and flexural strength of 3D printed concrete are lower than that of conventional con-
crete. Based on an analogy to masonry structures, recommendations are provided

for the structural design of a 3D printed vertical wall element.

7.2 Specific conclusions

The specific conclusions from this work are as follows:

1.

(a)

(b)

(©)

Studies using the small-scale 3D printer:

Layer-wise buildability is possible only when the material yield stress is within a
certain range. A low yield stress value causes the layers to collapse preventing layer-
wise buildability. On the other hand, if the yield stress is too high, the material is too
stiff to allow extrudability. The working mixtures were found to have a yield stress

within 1.5 - 2.5 kPa.

The preliminary reference mixture design was prepared by using a binder combi-
nation of portland cement and fly ash. The proportioning of dry granular materials
was based on the particle packing method. The dosage of superplasticizer was de-
termined by performing the buildability and extrudability tests. The mixture lacked

stability and robustness. Also, it was printable only for 15 minutes.

Additions of nanoclay improved the robustness of the mixture. To reach the same
superplasticizer dosage as that of the reference mixture, superplasticizer dosage had
to be increased. The yield stress increased with an increase in nanoclay content. The
addition of VMA and silica fume also resulted in a robust and stable mixture. But
again, the yield stress was found to increase with the addition of both VMA and

silica fume.
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(d)

(e)

(a)

(b)

(©

(d)

The mix VM (0.1 % VMA) had the maximum robustness and passed both extrud-
ability and buildability tests for a range of 0.16 - 0.19 % superplasticizer dosages.
The mix NC (0.3 % nanoclay) and SF (10 % silica fume) had a working range of
0.12-0.14 % and 0.17 - 0.18 % superplasticizer dosages respectively.

The structural build-up in the material was assessed by using evolution of yield stress
with time plots, penetration curves and semi-adiabatic heat curves. The results ob-
tained were in good agreement with each other. The VM mix had the slowest while

the SF mix showed the fastest structural build-up.

Addressing the issues in scaling up to a larger 3D printer:

A critical aspect to be addressed in scaling-up to a large 3D printer system is the
occurrence of water drainage due to the high extrusion pressure. A desorptivity-

based approach was developed to address this issue.

It was found that the addition of methylcellulose caused a significant reduction in the
desorptivity. This behaviour can be associated with the intermolecular sorption of
water or the formation of hydrocolloidal gels with the addition of methylcellulose.
The formation of the gels blocks the pores within the granular skeleton and makes it

more difficult for the water to drain out, thereby decreasing the desorptivity.

Based on the extrudability tests conducted on a wide range of mixes with different
desorptivity values, an index (/,,,,,,) Was proposed to predict the occurrence of phase
separation during the extrusion process. The index, [, was calculated for the

maximum possible pressure of 4 kg/cm? and an extrusion time of 330 seconds.

Since the large-scale 3D printer also allowed the extrusion of mixes containing
coarse aggregates, mixes with incorporation of LECA (nominal maximum size of
10 mm) were developed. For this, the influence of coarse aggregate addition on
extrudability was first examined. The addition of coarse aggregates increased the
desorptivity values, which indicates that the water retention capacity of the mix de-
creased with the increase in coarse aggregate content. This can be attributed to lower
packing density of the mixes with the higher coarse aggregate content. Further, a sig-
nificant reduction in the workability occurred after the extrusion process for mixes
containing coarse aggregate mainly because of dewatering that occurred during the

extrusion process.
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(e)

)

€3]

(a)

From the extrudability tests of mixes containing different volume substitution of
LECA, it was found that the maximum LECA content that could be incorporated
without affecting extrudability is 30 % by volume. Mixes having LECA content
beyond this level failed the extrudability test due to the liquid phase separation in the

piston pump.

The buildability of the mixes developed for the large-scale printer was assessed using
uniaxial compression tests. The stress-strain response of the concrete obtained from
the uniaxial test shows that the material behaviour evolved gradually from an elasto-
plastic type response at relatively younger ages to strain-softening type response,
more typical of hardened concrete at older ages. This evolution of compression and
elastic modulus can be modelled by using existing models, such as by Perrot et al.

(2016).

It was found that both the compressive strength and the elastic modulus were higher
for the mix containing LECA (30 % by volume) as compared to the control mix by
45-60 % and 25-50 % respectively. This increase can be attributed to the relatively
higher amount of dewatering and the subsequent loss of workability in the CA30
mix. Hence, although the dewatering can be detrimental to extrudability, it can be
considered as beneficial in improving the buildability of concrete. Finally, using
existing models, a comparison was made between two mixes with respect to the
critical height at which plastic and buckling type collapse may occur during printing.
The lower density and the higher strength for mix containing LECA increases the
critical height significantly considering a plastic collapse (56-72 %). However, for
a buckling type collapse, the use of LECA indicated only a nominal increase of 4-8

%.

Assessment of mechanical behaviour:

To understand the influence of layering on mechanical behaviour, the three mixes
(SE, NC and VM) developed using the small-scale 3D printer were subjected to
evaluation of porosity, flexural, compression and direct bond shear tests. For all the
mixes considered, the porosity was found to be higher for the specimens extracted
from the interfaces between horizontal and vertical layers compared to a mould cast
concrete. The porosity was higher by 11-14 % for specimens extracted from inter-

face between horizontal layers while it was 10-16 % for the specimens extracted
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(b)

(©

(d)

(e)

from the interface between vertical layers. On the contrary, the porosity was found
to be lower by about 6-8 % for the specimens extracted from the bulk in the printed
concrete. Overall, this suggests that although the bulk portion in printed concrete is
more denser as compared to mould cast concrete, the interface forms weak regions
with higher porosity.

For all the three mixes studied, the bond shear strength at the interface between
the horizontal and vertical layers was found to be lower by 24-25 % and 22-30 %
respectively as compared to the shear strength determined for mould cast concrete.
This indicates a weak joint being formed at the interface between layers for the
printed concrete. These results are in agreement with the trends observed in the

porosity measurements.

Due to the presence of weak interfaces in the printed concrete, the compressive
strength was lower by 12-22 % as compared to the mould cast concrete. The com-
pressive strength was found to be similar when tested along the three loading di-
rections D1, D2 and D3. Therefore, no anisotropic behaviour was observed when

subjected to compression loads for printed concrete.

The flexural strength of the printed concrete was found to depend on the region
subjected to the maximum bending moment in the three-point bending test. When
tested along E1 direction, the maximum bending moment and hence the maximum
flexural stress, occurs at the interface between vertical layers existing at the center of
the beam. Since the interface is weaker with higher porosity relative to the bulk, this
resulted in a reduced flexural strength along this direction. For the three mixes, the
flexural strength was lower by about 32-40 % when tested along E1 direction. On the
other hand, the flexural strength increased by 13-20 % as compared to the mould cast
concrete when tested along E2 and E3 directions. This is because for these loading
cases, the maximum flexural stress is induced in the bulk of the printed concretes

which has a relatively lower porosity as compared to the mould cast concrete.

A problem concerning the use of 3D printed structures is how the different tests con-
ducted for characterizing its mechanical behaviour can be utilized in formulating a
structural design procedure. Based on the recommendations for unreinforced con-
crete masonry, a structural design procedure was presented for 3D printed concrete
wall elements. Expressions for assessment of axial compression, out-of-plane flex-

ure, in-plane and out-of-plane shear are provided. Further, it is important to utilize
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(a)

(b)

(©)

the geometric flexibility in design of 3D printed structures. Since no additional cost
is required for formwork, complex and more efficient sections can be specified by a

designer to improve the load carrying capacities of 3D printed elements.

Development of a rheological model:

Simulation studies are useful to examine if the mixes developed in the current study
are suitable for other 3D printer system or for the same system with a different set of
print parameters such as extrusion velocity or nozzle size. A rheological model was
developed using a thermodynamic framework which can be useful in performing

such simulation studies.

In this approach, the material behaviour was characterized by using the two thermo-
dynamic quantities, the stored energy function and the rate of dissipation function.
The yielding behaviour exhibited by cementitious systems was accounted for in the
model by approach of a multiple natural configurations based on the maximum rate
of dissipation criterion. Thixotropy of cementitious systems was captured for by
making the stored energy as a function of a structural parameter and the rate of dis-

sipation as a function of its time derivative.

To corroborate with experimental results, steady shear and step shear experiments
were performed using cement paste. The predictions from the model were found to

match well with the experimental data.

7.3 Outcomes from the study

The scientific and engineering outcomes from the study are summarized below.

7.3.1 Scientific outcomes

. The rheology of concrete for special applications like 3D printing and slip-forming

is quite different from that of the concretes for normal applications. This study
provides a more fundamental understanding on the rheological requirements for such

concretes.

. The study has helped to understand the role of special additives like nanoclay, micro-

silica and VMA in formulating 3D printable concrete mixtures.
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3. The desorptivity based approach presented in this work provides a more fundamental
understanding on how water drainage occurs in concrete when subjected to a given
pressure. This can be useful in understanding and solving issues related to concrete

pumping and extrusion process.

4. Compared to the phenomenological models used in the literature, a thermodynamic
based model was developed that can describe the attributes like yielding and thixotropic

behaviour exhibited by cementitious systems.

7.3.2 Engineering outcomes

1. The proposed test methods and the systematic approach for mix design presented in
Chapter 3 can help formulate mix design guidelines for 3D printable concretes in the

future.

2. The structural design procedure that is analogous to the design of concrete masonry
wall presented in Chapter 4 can help formulate guidelines for the structural design

of vertical 3D printed elements.

3. The rheological model developed in the current work can be used for simulation of
extrusion process. This can be useful in designing automation systems for concrete

3D printing.

7.3.3 Guidelines for mixture proportioning

One of the significant outcomes from this work is the formulation of a mixture propor-
tioning procedure for 3D printable concrete. The following step-by-step procedure is

recommended:

1. Calibration using a reference mixture: For a given 3D printer and set of print
parameters, the required yield stress for the concrete mixture that allows both build-
ability and extrudability needs to be first established. For instance, for the small-
scale 3D printer used in the study, a yield stress of 1.6 kPa and 1.9 kPa may be used
for the nozzle sizes of 30 x 20 mm and 30 x 30 mm respectively. This can be
determined by performing the extrudability and buildability tests using a reference

mixture based on the procedure illustrated in Section 3.4.1. Once the yield stress
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required has been established using the reference mixture, this can now be used as

the basis for developing other mixture compositions.

. Proportion of the granular skeleton: The proportion of the granular skeleton can
be based on the optimum particle packing approach. Commercially available soft-
ware such as EMMA (Elkem, 2017) can be used for this. The maximum size of
aggregate is restricted by the type of pump used with the 3D printer. For screw
pumps, the maximum particle size is usually restricted to 2 mm. This aspect has to
be considered while selecting the size of the aggregates to be used in the mixture
composition. The w/c can be selected based on the strength and durability require-
ments. Since cement content and w/c are known, the water content in the mix can

now be calculated.

. Ensuring robustness: The next step is to determine the dosage of chemical ad-
mixtures. To have a robust mixture, it is recommended to use methyl cellulose as
an additive at a dosage of 0.1 % of the binder content. Alternatively, to also have
high improved structural build-up, the use of silica fume at 10% replacement level

or nanoclay at 0.3 % dosage may be considered.

. Determining the superplasticizer dosage: The amount of superplasticizer should
be determined such that the mixture has both extrudability and buildability. This can
be ensured by adjusting the superplasticizer dosage in the mixture such that it has

the same yield stress as that of the reference mixture.

. Additional requirements for large-scale 3D printer systems: The steps illustrated
above are suitable for designing printable mixtures for small-scale 3D printer sys-
tems. However, for large-scale systems such as that used in Chapter 4, it is also
important to ensure that the designed mixture has sufficient water retention capacity.
The index developed in Section 4.3.2 can be used to assess the resistance against the

phase separation during the extrusion process.

. Desorptivity measurements: For determining the index to assess phase separation,
the desorptivity of the mixture has to be determined. The procedure illustrated in

Section 4.2.3 can be used to measure the desorptivity value.

. Improving the water retention capacity: Once the desorptivity values are deter-

mined, the index to assess phase separation can be calculated. If the index value for
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the mixture is not within the permissible range suggested in Section 4.3.2, then the
water retention capacity of the mixture has to be improved. For this, the dosage of

methyl cellulose may be increased by increments of 0.05 % of the binder content.

8. Final mixture design: Since the addition of methyl cellulose modifies the yield
stress of the mixture, the superplasticizer dosage must again be adjusted to have the
same yield stress as that of the reference mixture. Therefore, steps 4 to 7 has to be
repeated until the phase separation index for the mixture falls within the permissible

range.

9. Failure height: Prior to printing, it is beneficial also to have an assessment of critical
failure height, considering both plastic and buckling type collapse. For this, uniaxial
compression tests may be conducted after different time intervals (Section 4.2.7).
Then, based on the equations suggested in Section 4.3.4, a rough estimate of the
failure height can be obtained. However, for a more accurate analysis, simulation
studies may also be performed using the three-dimensional rheological model de-

scribed in Chapter 6 of the thesis work.

7.4 Suggestions for future research

1. Displacement-control testing for characterizing the mechanical response: In the
current study, the mechanical behaviour of 3D printable concrete was evaluated us-
ing a stress-control loading system. However, it must be understood that for a safe
design, the failure of the structure must occur in a ductile manner. For this, assess-
ing the post-crack behaviour of 3D printed concrete elements becomes important.
Further, the possibility of introducing reinforcements needs to be explored. For im-
proving ductility, the additive manufacturing of high performance fiber composites

can also be considered as future extension to the current work.

2. Using accelerators to improve buildability: The large-scale 3D printer used in
the current study can print up to a maximum height of 0.45 m. As pointed out
earlier in Chapter 3, the objective of the ongoing 3D printing project in IIT Madras
is to develop concrete formulations for 3D printer systems that can manufacture
full-scale structures, reaching up to a height of 2 m. For such system, it is necessary

to increase the structural build-up in the concrete developed in the current study.
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This can be done by hydration control achieved through the use of accelerators. To
introduce accelerators without reducing the time limit of printability, accelerators
may be sprayed on the surface of the printed concrete. The influence of spraying
accelerators post-printing on the structural build-up needs to be investigated. This is

an ongoing study at IIT Madras.

. Simulation studies using the developed rheological model: The rheological model
developed in Chapter 6 can be used for performing simulation studies for both the
extrusion process as well as for the prediction of deformation in the printed layers.
Further, the rheological model developed in the current study can be improved by
also accounting for the effect of cement hydration. This can be achieved by the

introduction of another structural parameter in the model.
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APPENDIX A

3D PRINTED STRUCTURES AND ELEMENTS

A.1 A 3D printed modular structure

A structure of size 1.8 x 0.8 x 2 m was fabricated by assembling modules fabricated us-
ing the large-scale 3D printer. It is India’s first full-scale structure made with 3D printed
elements. The concrete formulation used was the control mix presented in Chapter 3 of
the thesis. Each module consisted of 14 to 17 layers. Each layer filament was extruded
through a 15 x 15 mm square nozzle. The total height of the modules varied from 190
to 240 mm. Each module consisted of a hollow structure with two horizontal layers
forming the perimeter. The print speed used was 30 mm/s and for this print speed, the
time gap between the two successive horizontal and vertical layers was about 2.5 and 5

minutes respectively.

The different stages in the construction of the modular structure is shown in Fig-
ure A.1. The first stage was the printing of each individual module as shown in Fig-
ure A.la. The module after printing was moved from print bed and cured using wet
hessian cloth. The second stage involved assembling two modules by aligning them
horizontally as shown in Figure A.1b to form the entire perimeter of the structure. Ce-
ment mortar was used to join the different modules together. In this manner, many
sets of the horizontally aligned modules were stacked one above the other to from the
entire structure. After assembling of all the modules, 12 mm diameter reinforcement
bars were inserted manually through holes provided at the four corners of the structure.
The reinforcement was held in place by filling the hollow sections by pouring cement
grout. The roof of the structure was made using a wooden panel and the base of struc-
ture was a precast concrete slab made by conventional casting. The completed and fully

assembled structure is shown in Figure A.lc.



Figure A.1: (a) Printing of each individual module (b) Modules are aligned to form the
full perimeter of the structure (c) Completed 3D printed modular structure
with a wooden panel roof

A.2 3D printed furniture

The control mix was also used in the fabrication of 3D printed furniture. Some examples
are shown in Figures A.2 and A.3. The furniture printing was done using 20 mm circular
nozzles as shown in Figures A.2a and A.3a. Since the perimeters were small, the time
gaps between the horizontal layers was less than 1 minute and that between the vertical

layers was less than 2 minutes. Therefore, to ensure a faster structural build-up in the
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mix, an aluminum sulphate based accelerator was sprayed from outside post-printing.

The effect of spraying on increasing buildability is an ongoing study at I[I'T Madras.

(@ (b)

Figure A.3: (a) Printing of a stool (b) Completed stool
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APPENDIX B

INDIVIDUAL RESULTS OF MECHANICAL TESTS

The values obtained during the assessment of mechanical properties presented in Chap-

ter 5 are summarized below.

Table B.1: Individual test results for the porosity assessment of SF mix

Sample type Sample no. | Porosity value (%) | Average porosity (%)
1 9.53
2 9.0
Mould cast 3 101 9.8 +£0.7
4 10.6
1 8.8
. 2 8.3
Printed - bulk 3 94 9.1 +£0.7
4 9.9
1 11.0
. . 2 10.4
Printed - vertical layers 3 16 11.3+0.8
4 11.2
1 10.8
Printed - horizontal layers g }?Z 11.14+0.8
4 12.0

Table B.2: Individual test results for the porosity assessment of NC mix

Sample type Sample no. | Porosity value (%) | Average porosity (%)
1 9.9
2 94
Mould cast 3 103 10.1 £0.6
4 10.8
1 9.1
. 2 8.6
Printed - bulk 3 04 9.4 4+ 0.7
4 10.2
1 12.3
Printed - vertical layer: 2 an 11.34+0.8
ed - vertical layers 3 04 . .
4 11.4
1 12.5
Printed - horizontal layers g }(1)1 11.4£0.8
4 11.0




Table B.3: Individual test results for the porosity assessment of VM mix

Sample type Sample no. | Porosity value (%) | Average porosity (%)
1 11.0
2 10.74
Mould cast 3 10,20 104 £ 0.6
4 9.66
1 104
. 2 9.3
Printed - bulk 3 94 9.6 £0.7
4 8.7
1 12.4
. . 2 11.9
Printed - vertical layers 3 13 11.5+0.8
4 10.5
1 12.7
Printed - horizontal layers g 11(9) 11.6 0.9
4 10.7

Table B.4: Individual test results for the shear strength of SF mix

Sample type

Sample no.

Shear strength
(N/mm?)

Average shear strength
(N/mm?)

Mould cast

—

8.5

7.6

7.8

8.0

7.8

8.1

8§£03

Printed - vertical layers

6.3

52

5.6

5.4

5.6

59

57+£04

Printed - horizontal layers

6.6

5.8

6.1

5.5

QNN B W =N | W = | | W

6.1

6.3

6.1 04
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Table B.5: Individual test results for the shear strength of NC mix

Shear strength Average shear strength

Sample type Sample no. (N/mm2) (N/mm2)

—

6.3
5.0
5.7
6.1
54
59

Mould cast 574+0.5

6.3
52
5.6
54
5.6
59

57+£04

Printed - vertical layers

6.7
5.5
5.7
54
59
6.4

Printed - horizontal layers 59+05

QN | K| W[ = O\ N | W =\ W] W

Table B.6: Individual test results for the shear strength of VM mix

Shear strength Average shear strength

Sample type Sample no. (N/mm?) (N/mm?)

—

1.5
7.0
7.1
6.9
7.1
1.7

Mould cast 72403

6.0
5.3
54
52
5.2
6.4

Printed - vertical layers 5.6 £0.5

55
6.1
52
53
5.0
5.7

Printed - horizontal layers 55+04

QNN B W =N | W] = | | W N
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Table B.7: Individual test results for the compressive strength of SF mix

Sample type

Sample no.

Comp. strength (N/mm?)

Average comp. strength
(N/mm?)

Mould cast

78.7

79

73

76.7

77.5

73.7

76.6

71.7

72.6

68.7

69.3

72.3

74.1+£35

Printed - direction D1

60.6

56.9

61.4

72.7

55.6

60.4

67

56.9

58

61.6

66

66

619 +£5.1

Printed - direction D2

62.1

60.6

57.8

60.2

54.7

50.4

64.3

56.2

58.9

64.7

60

68.3

59.8 +£4.38

Printed - direction D3

59.2

64.5

58.6

55.2

58.8

514

55

60.5

55.6

—_ | | = —| = — — | | —
o O 0| [ | | K| W = 5 | S| \O 00| N O\ | B W =G| D |0 00 N O\ | AW = 5 TS| \Of 00| | O W] B W R —

69.6

54.1

58.1

583+49
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Table B.9: Individual test results for the compressive strength of NC mix

Sample type

Sample no.

Comp. strength (N/mm?)

Average comp. strength
(N/mm?)

Mould cast

73.4

67.1

74.9

71.6

75.7

76.1

71.5

65.7

76.1

70.3

67

76.3

72.1+£39

Printed - direction D1

68.9

57.6

56.8

67.6

64.7

65.7

67.9

56

58.6

56.2

60.5

62.4

619 +49

Printed - direction D2

54.2

55.4

54.2

67.8

55

67.8

62.4

58.4

544

61.2

56.2

57.8

58.7£5.0

Printed - direction D3

64.5

59.1

57.9

54.1

61.2

62.9

52.8

50.3

55.7

—_ | | = —| = — — | | —
o O 0| [ | | K| W = 5 | S| \O 00| N O\ | B W =G| D |0 00 N O\ | AW = 5 TS| \Of 00| | O W] B W R —

51.2

61.9

644

58.0%5.1
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Table B.11: Individual test results for the compressive strength of VM mix

Sample type

Sample no.

Comp. strength (N/mm?)

Average comp. strength
(N/mm?)

Mould cast

67.7

73.2

68.7

67.5

69.4

63.7

72.8

63.1

71.7

64.8

69.3

68.3

68.3+33

Printed - direction D1

67.6

57.7

63.4

49.6

53

63.7

61.6

65.5

62.1

55.6

55.3

60.3

59.6 £54

Printed - direction D2

60.7

56.4

49.7

59.6

65.1

62.2

53.7

60.1

57.3

64.1

49

55.2

577+£52

Printed - direction D3

62.4

50.5

54.8

62.1

57.2

62.6

54

56

53.5

—_ | | = —| = — — | | —
o O 0| [ | | K| W = 5 | S| \O 00| N O\ | B W =G| D |0 00 N O\ | AW = 5 TS| \Of 00| | O W] B W R —

48.9

64.1

58.7

5705
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Table B.13: Individual test results for the flexural strength of SF mix

Sample type

Sample no.

Flexural strength (N/mm?)

Average flexural strength
(N/mm?)

Mould cast

8.9

10

94

9.9

9.7

9.6

9.9

9.3

9.3

8.9

10

9.8

95+04

Printed - direction E1

1.4

44

7.1

5.2

4.4

4.9

6.7

4.8

6.3

6

4.9

6.8

57+ 1.1

Printed - direction E2

10.6

11.3

11.5

10.5

10.5

12.1

10.3

10.6

10.5

11.8

10

10

10.7 £ 0.7

Printed - direction E3

10.3

11

10.2

12

10.7

12.1

12.1

10.8

12.1

—_ || e e B e i
o\OOO\]O’\Ul-Ikal\)P—‘N_OOOO\]O\UI#UJI\)HN,_O\OOO\]O\(II#UJNHN_OOOO\IO\UI-PUJI\J’—‘

10.2

11.7

11.8

11.2£0.8
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Table B.15: Individual test results for the flexural strength of NC mix

Sample type

Sample no.

Flexural strength (N/mm?)

Average flexural strength
(N/mm?)

Mould cast

10.5

10.2

10

9.6

10.4

10.5

9.5

10

9.7

10.5

10.2

9.5

10.0+04

Printed - direction E1

6.2

59

6.9

5.2

6.6

7

4.7

6.9

6

7.2

7.6

7.5

64+09

Printed - direction E2

12.1
11.6

12.2

10.2

10.3

11.1

11.8

11.1

11.9

12.4

11.6

11.3

11.4 £0.7

Printed - direction E3

13

12

10.6

13

13.1

11.3

10.6

10.7

12.4

—_ || e e B e i
o\OOO\]O’\Ul-Ikal\)P—‘N_OOOO\]O\UI#UJI\)HN,_O\OOO\]O\(II#UJNHN_OOOO\IO\UI-PUJI\J’—‘

11.3

13

12.1

119+ 1
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Table B.17: Individual test results for the flexural strength of VM mix

Sample type

Sample no.

Flexural strength (N/mm?)

Average flexural strength
(N/mm?)

Mould cast

8.3

9.5

9.3

9.4

9.6

9.3

9.3

9.7

9.6

8.4

8.3

9.1

9.1+£0.5

Printed - direction E1

6.1

5.8

8

59

7.2

7.6

5.6

6.4

5

6.1

5.5

4.7

6.1 £1

Printed - direction E2

9

11.4

9.3

10.6

10.9

11.5

9.3

10.4

11.4

12

11

9.9

105+1

Printed - direction E3

11.3

10.2

11.3

10.3

11.5

12.3

10.1

10.4

10.2

—_ || e e B e i
o\OOO\]O’\Ul-Ikal\)P—‘N_OOOO\]O\UI#UJI\)HN,_O\OOO\]O\(II#UJNHN_OOOO\IO\UI-PUJI\J’—‘

10.6

11.4

11.5

10.9 £ 0.7
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APPENDIX C

REPRESENTATIVE MORTAR FOR RHEOLOGICAL
TESTING USING CONCRETE EQUIVALENT
MORTAR (CEM) METHOD

C.1 Representative mortar for VM mix

In the concrete equivalent mortar (CEM) method, the larger size aggregates (quartz
sand 1 and quartz sand 2) in the VM mix are replaced with an equivalent amount of
quartz powder such that the equivalent mortar and the original VM mix has the same
total surface area of aggregates. The steps involved in proportioning the CEM mix are

as follows:-

1. At first, the specific surface area (SSA) of quartz sand 1, quartz sand 2 and quartz
powder were determined as shown in Tables C.1 to C.3 respectively. To determine
SSA for quartz sand 1 and quartz sand 2, sieve analysis was performed using 1 kg
of the aggregate samples and the volume retained on each sieve size was noted (see
column 2 of Tables C.1 and C.2). For quartz powder, the percentage passing deter-
mined by the laser diffraction method was used to determine the aggregate volume
for different size ranges for a total of 1 kg aggregate sample (see column 2 of Ta-
ble C.3). The surface area calculations were performed assuming that all aggregate
particles are spherical in shape. When a fraction of the total aggregate sieved, re-
tains in between two successive sieves, the diameter of all particles that retained was
assumed to be the average of the two sieve sizes just above and below it (see column

3 of Tables C.1 to C.3).

2. The amount of aggregates required for 1 m?® of the VM mix (from Table 3.5) is
shown in column 2 of Table C.4. The SSA for the different aggregates (obtained by
dividing the total surface area obtained from Tables C.1 to C.3 by the weight of total

aggregate sample (1 kg)) is shown in column 3 of Table C.4. By multiplying the



aggregate quantity in column 2 with SSA, the total surface area of aggregates in 1

m? of VM mix can be calculated as shown in column 4 of Table C.4.

Table C.1: Specific surface area calculation for quartz sand 1

. Surface | Volume
Sieve | Volume of .
. ) Dia. of area of of one
size material ) . No. of Total
. particle one particle .
(x retained on _5 ) particles (X surface
6 . (x 10 particle (x 3 9
10 each sieve 9 14 10°) area (m~)
m) (x 105 m?) m) (x 10 10
m?) m?)
D, D2 D? /6 column 2/ | column 4 X
’ ¢ column 5 column 6
75 7.84 3.75 4.42 2.76 284213.07 1.25
150 30.25 11.25 39.74 74.51 40595.12 1.61
300 82.53 22.50 158.96 596.11 13844.28 2.20
600 151.35 45.00 635.85 | 4768.88 3173.71 2.02
1180 80.26 89.00 2487.19 | 36893.38 217.55 0.54
2360 26.56 177.00 | 9837.31 | 290200.53 9.15 0.09
> =771
Table C.2: Specific surface area calculation for quartz sand 2
Sieve | Volume of . Surface | Volume
. ) Dia. of area of of one
size material ) i No. of Total
: particle one particle .
(x retained on _5 . particles (X surface
—6 . (x 10 particle (x 1 9
10 each sieve _9 _14 10%) area (m~)
m) (x 10-5 m?) m) (x 10 10
m?) m?)
D, D2 =D3 /6 column 2/ | column 4 X
! ’ column 5 column 6
75 0.00 3.75 4.42 2.76 0.00 0.00
150 1.85 11.25 39.74 74.51 2477.07 0.98
300 4.62 22.50 158.96 596.11 775.37 1.23
600 8.68 45.00 635.85 | 4768.88 182.01 1.16
1180 12.38 89.00 2487.19 | 36893.38 33.55 0.83
2360 10.35 177.00 | 9837.31 | 290200.53 3.57 0.35
> =455
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3. The amount of quartz powder in CEM must be such the total surface area of aggre-

gates in the VM mix and the CEM must be the same. Therefore,

Quartz powder in CEM =

Total surface area of all aggregates in VM mix (m?)

110697.24
215.80

= 513 kg

SSA of quartz powder (m?/kg)

(C.1)

Table C.3: Specific surface area calculation for quartz powder

Volume of
‘ 1 kg Surface Volume
Particle | material . area of
) Dia. of of one
size sample . one . No. of
particle . particle . Total surface
(x between 2 _¢ | particle particles (X N
_6 . (x 10 (x 3 area (m~)
10 successive (x _18 10°)
) m) ‘1 10
m) size range 10 m?)
(x 107° m?)
m?)
D, D2 =D3 /6 column 2/ | column4 X
! ! column 5 column 6
4.30 3.79 2.15 1.45 5.20 72828.66 105.71
8.26 3.79 6.28 12.38 129.62 2922.39 36.19
12.98 3.79 10.62 35.41 626.83 604.29 21.40
18.02 3.79 15.50 75.44 1948.83 194.37 14.66
23.97 3.79 21.00 138.41 | 4843.13 78.21 10.83
30.75 3.79 27.36 235.05 | 10718.32 35.34 8.31
37.60 3.79 34.18 366.73 | 20888.34 18.13 6.65
44.86 3.79 41.23 533.77 | 36679.08 10.33 5.51
54.17 3.79 49.52 769.84 | 63531.45 5.96 4.59
62.05 1.89 58.11 1060.31 | 102690.68 1.84 1.96
> =215.80

Table C.4: SSA required for CEM

Quantity of aggregates in 1 m> of Total surface area
ythe Vg1\g4 Ifix (k) SSA (m°/kg) (m?)
Quartz sand 1 369 7.71 2844.99
Quartz sand 2 369 4.55 1678.95
Quartz powder 492 215.80 106173.6
> =110697.24

4. The amount of binder content in 1 m? of VM mix is 738 kg (from Table 3.5). There-
fore, the aggregate to binder ratio for CEM mix is 513:738 (41:59). The water-

163



cement ratio and the dosage of chemical admixtures in CEM are to be maintained
the same as that in the original VM mix. Based on this, the final mixture proportion

for 1 m? of CEM is calculated and summarized in Table C.5.

C.2 Comparison of CEM with the VM mix

In order to examine if the CEM mix is truly representative of the VM mix, extrudability
test, yield stress measurement and flow table test were performed on CEM mix based
on the procedures given in section 3.3.1. The comparisons of the test results with that

obtained for the original VM mix are shown in Table C.6.

Clearly, the test results indicate that the CEM mix is much stiffer than the VM mix.
The CEM mix had a yield stress value of 3.5 kPa which is outside the range of 1.5 to
2.5 kPa suggested for the small-scale 3D printer. As a result, the CEM mix did not pass
the extrudability test. The flow value obtained for the CEM mix was also much lower
than that obtained for the VM mix. Therefore, it was concluded that it was not possible

to obtain a representative mortar by the CEM method for the VM mix.

Table C.5: Mixture proportion for CEM

Material Quantity (kg/m?)
Cement 885
Fly ash 221
Quartz powder 768
Water 354
Superplasticizer | 5.85 (0.18 %)
VMA 1.11 (0.1 %)

Table C.6: Comparison of test results of CEM and VM mix

Test results VM mix | CEM mix
Yield stress (kPa) 1.6+03|35+£04
Flow value (%) 80+ 5 40 £5
Extrudability (pass/fail) Pass Fail
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APPENDIX D

PLANNING RHEOMETER STUDIES WITH
CEMENT PASTE

The factors considering while performing rheological experiments using the dynamic
shear rheometer are summarized below. This may be useful for future research scholars

working in a similar area.

1. For the current study, parallel plate fixtures were used for both preliminary studies
done at IIT Madras and for the actual experiments performed at the Arizona State
University. For suspensions like cement paste, wall slip may occur at the interface
between the plates and the sample which may lead to erroneous results (Saak et al.,
2001; Feys et al., 2018). To prevent wall slippage, the use of serrated or sandblasted
fixtures is recommended. For the preliminary studies done at IIT Madras, sand-
blasted parallel plates were used while for the actual experiments in Arizona State

University, parallel plates with serrations were used (see Figure D.1).

(a) (b)

Figure D.1: (a) 20 mm diameter sandblasted parallel plate fixture used for preliminary
studies at IIT Madras (b) 25 mm diameter serrated parallel plate fixture
used for the experiments in Arizona State University



2. Diameter of parallel plates used must be such that the torque measurements while
testing are always within the instrument torque capacity. For parallel plate geom-
etry, the torque (M) and the shear stress (7) are related by the following equation

((Macosko and Larson, 1994)):

M dInM
T s <3 * diny ) @®-1

In the above equation, - is the strain rate and R is the radiius of the parallel plate. The

ratio

T is one for Newtonian fluids. But for shear thinning fluids like cement
ny

paste, the value is less than one. The shear stress that may be obtained while testing

cement paste usually lies within a range of 1 — 100 Pa. Assuming

as one

In7y
for simplicity, the minimum and maximum torque values corresponding to the range

of 1 — 100 Pa can be calculated as 1.57R> — 157R®. Therefore, the radius of the
parallel plates chosen must but such that the range 1.57R* — 157R? lies within the
instrument torque range suggested by the manufacturer. Also, for other geometries
like coaxial, the diameter and height of cylinder must be chosen based on the torque

to shear stress conversion equation in a similar manner.

3. Sample drying was observed during the preliminary trials done at II'T Madras. Sam-
ple drying can be detected by observing the axial force during measurements. If
there is sample drying, the sample shrinks between the parallel plate leading to neg-
ative axial forces as time proceeds. This issue was solved by using a solvent trap

(Figure D.2).

Figure D.2: Use of a solvent trap to prevent sample drying
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4. For flow between the parallel plates, performing experiments at high strain rates may
lead to instabilities like secondary flows. Hence, the maximum strain rate applied
was restricted to 10 s~!. For performing experiments at higher strain rates, the use

of a coaxial geometry is more recommended.
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