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Abstract
In spite of recent advances in construction digitization and concrete 3D printing, engineering
a printable concrete mixture for extrudability and buildability still presents technical challenges.
Nano-additives such as nano-silica and nano attapulgite clay are gaining increasing interest for
their attributes as rheological modifiers. Recent studies showed some of the potential rheological
benefits of these materials, although there is a lack of comprehensive studies in this domain.
In the current study, nano-silica, nano attapulgite clay and cellulose ether viscosity modifying
admixture (VMA) were used as rheological modifiers in varying proportions. Using flow diameter
recommendations for printable materials, concrete mixture designs were selected for further
assessment of rheological and hardened properties.
A time-based flowability protocol was used to assess the change in flow diameter up to 30
minutes after mixing. The percentage change in flow diameter between two resting times was used
as an in-situ quantification technique of material thixotropy. Further, uniaxial compressive load
was applied on fresh cylindrical concrete specimens and apparent stress-vertical strain curves were
studied through post-peak behavior analysis, analysis of apparent green strength and apparent
elastic modulus. In addition to these, rheometric assessments in the form of stress growth tests and
flow curve tests were performed in a rotational vane-shear rheometer. The stress growth test
applied a constant shear rate to fresh concrete specimens up to 60 minutes after mixing. Based on
static yield stress data at different resting times and Roussel’s model fits, thixotropic analysis was
performed. The flow curve test applied increasing shear rate in steps to fresh concrete specimens.
Through shear stress vs shear rate plots and corresponding Bingham model fits, yield stress and
plastic viscosity of the mixtures were analyzed.
iii

In addition to the testing of 3D printable concrete mixtures in their fresh-state, 28-day
compressive and split tensile strength tests were performed in order to study the effects of the
rheological modifiers on the hardened state of 3D printable concrete mixtures.
Finally, statistical correlations were developed and analyzed based on the rheological data
obtained in the current study. The analysis covered the comparability between different freshstate assessment techniques used in the current study.
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Lay Summary
Concrete 3D printing is a revolutionary technique in construction that uses computer drawings to
print structures through a 3D printer and a concrete ‘ink’. Through automated technologies and
minimal requirement of labor and formwork, the technology has the potential to solve issues with
construction in the Canadian North. In this study, experiments were conducted to develop suitable
materials for concrete 3D printing. Also, experimental techniques were suggested for the property
assessment of 3D printable concrete mixtures.
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Preface
The current thesis presents original and independent research work performed under the
supervision of Dr. Cristina Zanotti at the Department of Civil Engineering, The University of
British Columbia, Vancouver. The experiments were performed at the Materials Laboratory,
Department of Civil Engineering, The University of British Columbia, Vancouver .
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Chapter 1: Introduction
1.1

Background
The construction industry is one of the least digitized industries in the world. As per a report

from McKinsey and Company in December 2015 [1], the construction sector in the United States
of America had a negative productivity growth of 1.4% in the period 2005-2014, while having a
GDP share of 3%. Among 22 sectors included in the study, the construction industry had the least
productivity growth. With direct evidences of digitization improving the GDP in the late 1980s
[1], least digitized industries like hospitality, construction and agriculture need to be digitized in
the 21st century.
Over the last decade, there have been major advances in the digitization of the construction
industry. The integration of Building Information Modelling (BIM) has provided breakthroughs
in the construction industry through the effective use of technology and information management.
Khosrowshahi and Arayici [2] among others, provided a scheme for the stage-wise execution of
BIM in construction industries.
Along with BIM, concrete 3D printing has been instrumental in the automation of the
construction industry in the 21st century. Concrete 3D printing uses computer-based architectural
drawings to seamlessly manufacture structures without the use of conventional formwork. Hanna
[3] reported that 48-63% of total concrete construction cost was related to formwork materials and
labor related to formwork. Hence, elimination of formwork and associated labor would benefit the
construction industry in terms of construction economy and speed. Mohamed et al. [4] performed
a Life Cycle Assessment (LCA) on four different construction processes – conventional cast-inplace construction, 3D concrete printing with reinforced elements, 3D concrete printing with high
1

performance materials without reinforcement and 3D concrete printing with lightweight concrete
without reinforcement. In his studies, Global Warming Potential (GWP) was measured in kilogram
equivalent of carbon dioxide. Results show that non-reinforced concrete 3D printing reduced the
GWP by 28% from that of the conventional construction technique [4]. Augusti-Juan et al. [5]
performed a similar LCA on walls with varying complexity. They reported that with an increase
in complexity of the structure, 3D printing techniques perform better in terms of greenhouse gas
emissions. From a case study in China, Hong et al. [6] reported that construction related human
activities accounted for 28% of total greenhouse gas emissions during the entire construction
project, which could be reduced through automation. Hence from literature ([4], [5], [6] among
others), it can be clearly understood that the reduction in construction activities through
digitization has a positive effect on cost and environmental impact of the construction process.
From a Canadian perspective, it is essential to look into options of low cost and sustainable
housing, especially in the North. With a vision to advance infrastructure in the Canadian North,
Infrastructure Canada has invested $810 million since 2007 [7]. The primary challenges of
infrastructure in the northern part of Canada are harsh weather conditions, short construction
season and scarcity of labor and building materials. Concrete 3D printing has the ability to address
these issues and hence is being considered as an alternative to conventional construction in the
most difficult terrains of Canada.
Although there have been advances in research related to the rheological behavior of 3D
printable concrete, comprehensive studies involving a wide range of admixtures are missing. In
this research, an attempt has been made to study the fresh-state behavior of 3D printable concrete
mixtures in detail, supported by mechanical strength results.

2

1.2

Outline of thesis
The goal of the thesis was to study the effects of different rheological modifiers and other

additives on the fresh and hardened properties of 3D printable concrete mixtures. Comprehensive
assessments of fresh properties were conducted through time-based flowability tests, apparent
green strength tests, stress growth tests and flow curve tests. Compressive and tensile strength tests
were also conducted at 28 days after mixing. Finally, statistical correlations were developed and
analyzed based on the parameters used to study the fresh-state properties of 3D printable mixtures.
The thesis consists of five chapters:
Chapter 1 discusses the need for automation in construction and the potential benefits of
concrete 3D printing, especially in terms of Canadian infrastructure. Also, a basic outline of the
thesis is provided.
Chapter 2 provides a comprehensive literature review of the different concrete 3D printing
techniques, rheological testing procedures, mathematical models defining concrete rheology and
materials used for concrete 3D printing.
Chapter 3 provides details about the materials used in the current study, the mixture designs
adopted and the testing techniques applied to study the fresh-state and hardened properties of 3D
printable concrete mixtures.
Chapter 4 discusses results obtained from the experiments conducted (fresh-state and
hardened-state) and applies mathematical models on relevant data for further analysis. Further,
statistical correlations have been developed and analyzed based on the parameters used to study
the fresh-state properties of 3D printable concrete mixtures.

3

Chapter 5 holistically outlines the conclusions from the experiments conducted and
recommends directions for future work.
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Chapter 2: Literature review
2.1 Concrete 3D printing techniques
With advances in robotics and control systems, different techniques have been applied for
concrete 3D printing. Typically, the selection of a technique depends on the available technology
and the purpose of the print. The three most widely used techniques are discussed here.
2.1.1 Smart Dynamic Casting (SDC)
The concept was first developed in 2012, as an automated version of slip forming [8]. In this
technique, a very thin formwork made of a polymer was manufactured through extrusion and then
the concrete was poured in the flexible formwork. This provided lateral support during the process
of printing while allowing for shape flexibility. In SDC, mixtures were accelerated over time in
order to satisfy the rheological requirements for the printing process [9]. This was done through
the use of feedback systems that control the strength increase of the material over time through the
addition of admixtures.
SDC allowed easy integration of reinforcements in the printed structure [10]. Another key
advantage of this method is that there are no formation of cold joints unlike additive
manufacturing. This ensures homogeneity of the structure throughout which is very important
when printing non-standard shapes. Fritschi et al. [10] noticed a number of challenges when the
scale of the printing process was altered. There were increased resisting forces in the formwork in
addition to issues with precision loss. These issues call for a re-evaluation of the technique based
on volume, duration and nature of the print. Figure 2.1 shows the printing of a column and
synchronous printing of formwork and concrete through SDC.
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a) Smart Dynamic Casting Process

b) Synchronous printing of formwork and concrete

Figure 2.1 Smart Dynamic Casting [8]

2.1.2 Particle Bed 3D printing
This technique uses selective activation of binders in order to print specific shapes. The
process followed two main steps [11]:
•

Deposition and spreading layers of dry mix (a combination of fine aggregates and binders
or only fine aggregates).

•

Addition of water/binder paste to selected areas based on print requirements.
These two steps ensured selective activation of the binders and the fine aggregates. The

remaining particle bed consists of dry particles which needed to be removed after completing the
process of printing. Particle Bed 3D printing is typically of two types (Fig. 2.2):
•

Selective Paste Intrusion [12] – the particle bed consisted of fine aggregates only. A
mixture of water, binders and admixtures was added to the particle bed through a nozzle.
6

•

Selective Binder (cement) Activation [13] – the particle bed consisted of fine aggregates
and binders. A mixture of water and liquid admixtures was added through a nozzle for
selective activation.

Figure 2.2 Particle Bed 3D printing [14]

The factors affecting the efficacy of Particle Bed 3D Printing include particle distribution of
the bed, maximum particle size present in the bed, water-to-binder ratio, mode of water addition
(spraying or jetting), presence of admixtures and others [11]. The main challenge associated with
this technique was ensuring cement hydration at the lower layers through effective penetration of
water [15]. This needed to be done through optimizing the amount and speed of water flow and
the particle packing in the bed. Yu et al. [16] studied the impact of particle packing on the
mechanical strength of the printed structures. They reported that the use of similar size of
aggregates throughout the particle bed (poorly graded) improved the mechanical performance of
the structures while compromising shape stability.
2.1.3 Extrusion based Additive Manufacturing
Additive manufacturing is the most popular and widely accepted technique of concrete 3D
printing. It primarily involves pumping the concrete through a pipe up to a nozzle after which the
concrete is extruded layer-by-layer. The process is completely free of formwork which presents a
7

significant advantage in large-scale applications, reducing the cost of formwork. The basic steps
of an extrusion based additive manufacturing process are as follows [17]:
•

Development of a 3D model of the structure in a software like AutoCAD.

•

Slicing of the 3D model to define the size of each layer.

•

Conversion of the model into a G-code file which is readable by the 3D printer.

•

Development of a 3D printable mixture which is fed to the machine through the material
delivery system.

•

Layer-by-layer extrusion of concrete.
Khoshnevis [18] developed the process of contour crafting which is the precursor of current

additive manufacturing techniques. He used automated trowels at the point of extrusion. This
enabled him to create flexibility with regard to shape of the print and well-formed surface finishes
by monitoring the movement of the trowels.
The first step to successful concrete 3D printing through additive manufacturing is to develop
materials with specific rheological properties. The terms pumpability, extrudability and
buildability are used to assess the fresh-state performance of a concrete mixture for additive
manufacturing [19]. Pumpability is the convenience with which concrete can be pumped to the
extrusion nozzle through a pipe [20], while extrudability is the ability of the concrete to be
squeezed out of the nozzle for placement without cross-sectional deformation [19]. Buildability is
the post-extrusion property of additive manufacturing where a layer of concrete is expected to
withstand its self weight and the weight of the additional layers of concrete on top without
deformation. Printability is a term which is defined based on a combination of the three terms
above [21]. It is to be noted that the rheological requirements for pumpability and extrudability
contradict to that of buildability in terms of yield stress of the material [22]. While a low yield
8

stress is essential for a material to be pumpable and extrudable, a high yield stress is necessary for
a material to be buildable.
A major disadvantage of the process is the formation of cold joints at the interlayer zones
[23]. Not only does it reduce the structural integrity of the system, but also makes the structure
anisotropic. Zhang et al. [24] showed that the compressive strength of the 3D printable concrete
specimens were maximum in the plane-perpendicular direction of layer deposition and minimum
in the direction parallel to that of layer deposition. Also, the mechanical performance of additively
manufactured concrete structures is highly dependent on parameters like print path, print speed,
nozzle shape and layer height [25, 26]. This presents a challenge in the development of
standardised printing and material testing techniques. Figure 2.3 shows a typical additively
manufactured structure with visible layers.

Figure 2.3 Additively manufactured concrete element

Note: Since the current thesis is based on the extrusion-based additive manufacturing technique
for concrete 3D printing, henceforth the term ‘3D printing’ refers to the extrusion-based additive
manufacturing technique.
9

2.2 Theoretical background of concrete rheology
Concrete rheology is typically defined by three fundamental parameters: shear stress, shear
rate and time elapsed after mixing [27]. Shear stress vs shear rate plots are used to define the fluid
behavior of fresh concrete while the time elapsed after mixing is used to quantify the thixotropic
behavior (as explained later). Hence, in this section, two classes of rheological models have been
discussed: shear stress-shear rate models with changing shear rate and yield stress-time models
with constant shear rate.
2.2.1 Behavior of fresh concrete over changing shear rate
The basic shear stress-shear rate representation is a linear equation where the shear stress is
0 when no shear rate is applied [27]. Fluids exhibiting such behavior are known as Newtonian
fluids [28]. The model is mathematically represented as follows:
𝜏𝜏 = 𝜂𝜂𝜂𝜂,

(1)

where τ is the shear stress (Pa), η is the viscosity coefficient (Pas) and γ is the shear rate (1/s). It is
to be noted that the specialty of Newtonian fluids is that they readily flow under the application of
any shear rate. Fluids like fresh concrete, on the other hand require the application of a certain
level of shear stress in order to start flowing [29]. The shear stress at which the material starts
flowing is known as yield stress. Hence, fresh concrete is also referred to as a yield stress fluid.
Bingham model and Herschel-Bulkley model explain the fluid behavior of fresh concrete as a
function of shear rate.
Bingham model is a linear shear stress-shear rate model, starting from an initial shear stress
(yield stress) at 0 shear rate [30]. The model is mathematically represented as follows:
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𝜏𝜏 = 𝜏𝜏0 + µ𝛾𝛾,

(2)

where τ is the shear stress (Pa), µ is the plastic viscosity (Pas), γ is the shear rate (1/s) and τ0 is the
yield stress of the material (Pa) which needs to be exceeded to enable the material to flow. It is to
be noted that once the yield stress is exceeded, Bingham fluids like fresh concrete exhibit
Newtonian behavior. Investigations by Yahia and Khayat [31] showed that for cementitious grouts
with low water-to-binder ratio, Bingham model was not a good fit to explain the nature of the
curves, especially at low shear rates. In order to increase the sensitivity of the shear rate in the
Bingham model, they used a modified equation as follows:
𝜏𝜏 = 𝜏𝜏0 + µ𝛾𝛾 + 𝑐𝑐𝛾𝛾 2 ,

(3)

where the terms in the equation have a similar meaning to that of the Bingham model and c is a
constant that indicates the contribution of the power term to the model.
In 1926, Herschel and Bulkley [32] developed a two-parametric power model suitable for
gum-benzene suspensions. The model did not involve any linear term associated with the shear
rate. It is mathematically represented as follows:
𝜏𝜏 = 𝜏𝜏0 + 𝑎𝑎𝛾𝛾 𝑏𝑏 ,

(4)

where τ is the shear stress (Pa), γ is the shear rate (1/s), τ0 is the yield stress of the material (Pa)
and a and b are parameters of the model depending on the rheometer geometry. De Lallard et al.
[33] developed equations to compute the model parameters in a coaxial cylinder rheometer. They
also proposed an expression for plastic viscosity which is dependent on the model parameters and
the maximum shear rate applied.
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Apart from Bingham and Herschel-Bulkley models, there are other models in literature that
represented the rheological behavior of cement-based materials where shear stress is a function of
shear rate ([34], [35] among others).
2.2.2 Behavior of fresh concrete over time
In order to understand the rheological behavior of concrete over time elapsed after mixing, it
is necessary to the study the thixotropic behavior of the material. In the unsheared state, fresh
concrete exhibited higher levels of yield stress while it reduced when the material was sheared
([29], [36], [37] among others). This behavior is time-dependent and is known as the thixotropic
behavior of fluids. It is to be noted that since extrusion-based additive manufacturing processes of
concrete deal with sheared and unsheared state of the material before and after extrusion
respectively, a highly thixotropic material is ideal. Further discussions show the development of
models where yield stress is a function of time at a constant applied shear rate.
Roussel [38] developed a linear model to study the variation of yield stress over time. The
model is mathematically represented as follows:
𝜏𝜏0 (𝑡𝑡) = 𝜏𝜏0 + 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑡𝑡,

(5)

where 𝜏𝜏0 is the static yield stress (Pa) right after mixing, t is the time elapsed after mixing (s),

𝜏𝜏0 (𝑡𝑡) is the static yield stress (Pa) after a time t and 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 is the rate of flocculation or the

structuration rate (Pa/s), used to quantify the thixotropic behavior of concrete mixtures.

In order to accommodate the non-linear increase of static yield stress over time after 1 hour
of time elapsed after mixing, Perrot et al. [39] suggested an exponential model of yield stress buildup over time. The model is mathematically represented as follows:
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𝜏𝜏0 (𝑡𝑡) =

𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖
𝜏𝜏0

𝑡𝑡

𝑡𝑡𝑐𝑐 �𝑒𝑒 𝑡𝑡𝑐𝑐 − 1� + 1

(6)

where 𝜏𝜏0 is the static yield stress right after mixing (Pa), t is the time elapsed after mixing (s),

𝜏𝜏0 (𝑡𝑡) is the static yield stress (Pa) after a time t, 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 is the rate of flocculation or the structuration
rate (Pa/s) and tc is the characteristic time (s) after which the exponential nature of the model
dominates over the initial slow increasing region of the curve. The characteristic time was
determined experimentally through model-fitting. Perrot’s model predicted the static yield stress
of concrete mixtures up to 2 hours of time elapsed after mixing.
Kruger [40] suggested an improvement to Roussel’s model. He proposed a bi-linear model in
order to address the expedited flocculation rates when nanoparticles are added to the concrete
mixture. The model is mathematically represented as follows:
𝜏𝜏𝑠𝑠 (𝑡𝑡) = 𝜏𝜏𝐷𝐷,𝑖𝑖 + 𝑅𝑅𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑡𝑡, when t < trf

𝜏𝜏𝑠𝑠 (𝑡𝑡) = 𝜏𝜏𝑆𝑆,𝑖𝑖 + 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 (𝑡𝑡 − 𝑡𝑡𝑟𝑟𝑟𝑟 ), when t > trf ,

(7a)
(7b)

where 𝜏𝜏𝑠𝑠 (𝑡𝑡) is the static yield stress (Pa) at a time t after completion of mixing, 𝜏𝜏𝐷𝐷,𝑖𝑖 is the initial

dynamic yield stress (Pa), Rthix is the rate of reflocculation (Pa/s), t is the time elapsed after
completion of mixing (s), trf is the time up to which reflocculation dominates over structuration
(s), 𝜏𝜏𝑆𝑆,𝑖𝑖 is the initial static yield stress (Pa) and Athix is the structuration rate (Pa/s). The model
essentially differentiated between two thixotropic development processes. While reflocculation

addressed the short-term and reversible increase of static yield stress, structuration addressed the
long-term and irreversible increase of static yield stress, dominated by the formation of early
hydration products.
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Hence, through a discussion of different rheological models in literature, it is to be noted that
shear rate and time have a very important role to play in characterizing the holistic rheological
behavior of concrete mixtures.
2.3 Assessment of fresh properties of 3D printable concrete mixtures
2.3.1 Flowability Test
The flowability test follows the use of a flow table apparatus, as outlined in ASTM
C230/C230 M [41], in order to assess the fresh properties of a concrete mixture immediately after
mixing. Since the test has a very simple procedure to follow (as outlined in ASTM C1437 [42]), it
has been widely used in the concrete 3D printing sector. Table 2.1 summarizes studies by some
researchers where flow diameter values of concrete mixtures were correlated to printability.
Table 2.1 Summary of flow diameter values for 3D printable mixtures

Serial
No.

1.

Flow diameter
[mm] satisfying
printability
requirements

130-180

Remarks

References

Investigations were performed on nano-silica and

Cho et al.

cellulose ether based viscosity modifying

[43]

admixtures (VMA). In this set of tests, the flow
table was dropped 15 times instead of 25 times as
outlined in ASTM C1437 [2].

2.

150-160

Investigations were performed on mixtures with

Mohan et al.

different aggregate-to-binder ratios. The values

[44]

were corroborated with flow-curve tests in the
rheometer.
The range was decided through extensive printing
3.

150-190

Tay [45]

tests on a large scale and analysis of variance
(ANOVA) on a data set of flow diameter values.
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Serial
No.

Flow diameter
[mm] satisfying
printability
requirements

Remarks

References

The range was decided based on three concrete

Chen et al.

mixtures with different quantities of viscosity

[46]

modifying admixtures (VMA). Correlated with
4.

115-145

print parameters, the mixture with 145 mm flow
diameter showed optimal results in terms of green
strength, shape stability, buildability, extrusion
pressure and open time.

It is to be noted from Table 2.1 that the range of flowability values for printability
requirements have been measured immediately after mixing. Chen et al. [46] and Moeini et al. [47]
used time-based flowability assessments in order to study the effect of resting time on the flow
diameter. As indicated by Chen et al. [46], the reduction in flow diameter after 90 minutes
corresponded to a non-printable material.
2.3.2 Stress Growth Test
In order to assess the increase of static yield stress over time, a stress growth test is performed
over a period of time, at a constant shear rate ([22], [40], [48], [49] among others). Stress growth
tests are performed in a rheometer which applies a rotational shear rate to the specimen. Fig. 2.4
shows a typical shear stress versus time curve at a constant shear rate. Table 2.2 summarizes the
work of some researchers where the value of static yield stress has been correlated to printability
requirements.
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Figure 2.4 Shear stress vs time for constant applied shear rate [40]

Table 2.2 Summary of stress growth test from literature

Serial
No.
1.

Device used Shear
rate
applied
[1/s]
Anton Paar
0.1

Static yield
stress range
[Pa]

Remarks

References

3000-4750 Pa

The study was performed

Panda et al.

MCR-102

(immediately

on geopolymer-based

[48]

(vane shear

after mixing),

High Volume Fly Ash

rheometer)

4750-8500 Pa

(HVFA) mixtures. The

(20 minutes

mixture with 3000 Pa

after mixing)

yield stress immediately
after mixing, collapsed
after printing 10 layers.

2.

ICAR

1

2730-3944

Printability was verified

Kruger

rheometer

(immediately

with large-scale printing of [40]

(vane-

after mixing),

reference and nano-silica

shear),

6594-7159 (1

based mixtures.

Germann

hour after

Instruments

mixing)
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Serial
No.
3.

Device used Shear
rate
applied
[1/s]
Brookfield
0.2

Static yield
stress range
[Pa]

Remarks

References

2459 Pa

Nano-silica based

Zhang et

vane-shear

(immediately

mixtures were tested with

al. [22]

rheometer

after mixing)

varying content of fine and
coarse sand. The
printability was verified
through small-scale
extrusion studies.

4.

Vane-shear

0.0017

rheometer

1500-2500

Silica fume, nano clay and

Rahul et al.

(immediately

viscosity modifying

[49]

after mixing)

admixture (VMA) based
mixtures were extensively
tested for extrudability and
buildability which were
correlated to yield stress
data.

While the variation in the value of static yield stress for printable concrete mixtures in Table
2.2 can be explained based on differences in printing equipment, it is to be noted that the constant
shear rate applied affects the static yield stress significantly [49]. A high constant shear rate can
provide a skewed representation of static yield stress [50].
2.3.3 Viscosity Recovery Test
In order to understand the behavior of 3D printable concrete mixtures at consecutive high and
low shear rates, Panda et al. [48] and Zhu et al. [51] performed the viscosity recovery test. The
protocol consisted of three stages [8]:
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•

A low shear rate (0.01 1/s [48], 0.1 1/s [51]) corresponding to the stage after mixing and
before pumping.

•

A high shear rate (300 1/s [48], 100 1/s [51]) corresponding to a momentary increase in
shear rate during pumping.

•

A low shear rate (0.01 1/s [48], 0.1 1/s [51]) corresponding to the post-extrusion behavior
of the printable mixtures.

Figure 2.5 shows the protocol and sample results from the test.

a) Testing protocol

b) Results

Figure 2.5 Viscosity recovery test protocol and sample results [48]

The viscosity recovery ratio was defined as the percentage of viscosity recovered in the third
stage from the first stage [48]. A mixture with a higher viscosity recovery ratio performed better
in concrete 3D printing trials ([48], [51]), owing to the fact that the process of pumping and
extrusion resulted in a minimum reduction of apparent viscosity.
2.3.4 Flow Curve Test
The flow curve test is an assessment of shear stress over a range of shear rate. Zhu et al. [51],
Mohan et al. [52] and Zhang et al. [53] among others, used the flow curve test and corresponding
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Bingham model fits to calculate the yield stress and apparent viscosities of 3D printable concrete
mixtures. Figure 2.6 shows protocols used in literature in order to derive the flow curve. Table 2.3
summarizes the test protocols for the flow curve test as performed by some researchers.

a) Stepped protocol

b) Linear protocol

Figure 2.6 Testing protocols for flow curve test ([52], [53])

Table 2.3: Summary of protocols from literature used to derive flow curve

Serial

Pre-

Protocol

Remarks

References

No.

shearing
50 s-1 for

Linear ramp-up and

The pre-shearing stage was

Zhu et al.

120

ramp-down protocol;

followed by a resting stage in

[51]

seconds,

Minimum shear rate:

order to achieve rheological

rest for 120

0, Maximum shear

stability of the mixture.

seconds

rate: 50 s-1, Duration

regime
1.

of protocol: 120
seconds.
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Serial

Pre-

Protocol

Remarks

References

No.

shearing
0.17 s-1 for

Stepped up and

The step-up and step-down

Mohan et

20 seconds

stepped down ramp

protocol was used in order to

al. [52]

protocol; Minimum

reach thixotropic equilibrium

shear rate : 0,

at each step.

regime
2.

Maximum shear rate
– 0.17 s-1, No. of
steps: 5, Length of
each step : 20
seconds
3.

No pre-

Linear ramp-up and

Since the up-curve of linear

Zhang et

shearing

ramp-down protocol;

protocols is subjected to error

al. [53]

Minimum shear rate:

due to thixotropic

0, Maximum shear

equilibrium, the flow curve

rate: 100 s-1, Duration was generated from the downof protocol: 120

curve data points. The

seconds.

hysteresis curve was also used
to quantify the value of
thixotropy.

From Table 2.3, it is to be noted that the studies cited have different pre-shearing regimes.
While the pre-shearing regime typically destructures the material prior to any rheological testing,
it affects the protocol itself [54]. Also, while constructing the flow curves from the ramp
rheological protocols, it is necessary to identify stable regions in the curve. Zhu et al. [51] and
Zhang et al [53] suggested neglecting the initial and final 20% of data owing to unstable readings
at extreme shear rates.
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2.3.5 Green Strength Test
The green strength test studies the effect of uniaxial compressive load on fresh concrete. High
precision testing techniques have been used in literature in order to study the effect of low loads
corresponding to large displacements. Table 2.4 summarizes the testing techniques used by some
researchers.
Table 2.4 Summary of green strength tests on fresh concrete from literature

Serial

Specimen

No.

size

Test details

Disp.

Measured

measuring

data

Remarks

Ref.

technique
1.

Height-35

Load-

Linear

Specimens

Specimens were

Perrot

mm,

controlled,

Variable

failed at

placed between

et al.

Diameter-

Loading rate

Differential

2.5-5 mm

two plates while

[55]

60 mm;

of 1.5 N over

Transformer

vertical

the upper plate

cylindrical time gaps

(LVDT)

displaceme

was compressed.

specimen

sensor

nt for loads

ranging from
11-60

of 40-70 N.

seconds.
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Serial

Specimen

No.

size

Test details

Disp.

Measured

measuring

data

Remarks

Ref.

technique
2.

Height-

Displacemen

Image

Green

The data was

Wolfs

140 mm,

t-controlled,

processing

strength:

only recorded up

et al.

Diameter-

Displacemen

of white

6.37-18.93

to 25% strain

[56]

70 mm;

t rate: 30

dots at mid-

kPa,

after which the

cylindrical mm/min.

height of the Young’s

specimen

sample.

camera is unable

Modulus of to detect
Elasticity:

eccentric

0.074-

changes in the

0.186 MPa. specimen.
Measurements
were taken from
5 minutes to 90
minutes after
mixing.
3.

Height-

Load-

Image

Maximum

The test was

Panda

140 mm,

controlled,

processing

load

completed in 60-

et al.

Diameter-

Loading rate:

through

resisted

70 seconds in

[57]

70 mm;

0.6 N/s.

Machine

ranges

order to

cylindrical

Learning

from 20 N

eliminate

specimen

algorithms.

to 140 N.

thixotropic
issues.
Measurements
were taken from
5 minutes to 150
minutes after
mixing.
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Wolfs et al. [56] and Panda et al. [57] reported a change in failure type over time. While specimens
at early ages showed a ‘barreling effect’ on application of compressive load, specimens beyond 1
hour after mixing exhibited failure through the formation of a shear plane, with a corresponding
post-peak strain softening behavior in the load-displacement or the stress-strain curve. It is also
to be noted that Wolfs et al. [56] suggested calculating the Young’s Modulus of elasticity of fresh
concrete specimens up to a vertical strain of 5% which corresponds to the linear region in the
stress-strain curves.
2.4 Materials and Mixture Design
In order to satisfy printability conditions, it is important for 3D printable concrete mixtures
to both satisfy the requirements of extrudability and buildability. Table 2.5 shows a list of Portland
cement-based 3D printable mixtures from literature.
Table 2.5 Summary of 3D printable concrete mixture design from literature

Serial Binders

Aggregates

Water

Admixtures and

References

No.

(kg/m3)

(kg/m3)

(kg/m3)

fibers (kg/m3)

1.

Portland

1357

259

Superplasticizer –

Kazemian et al.

Cement –

(nominal

1.06

[58]

600; Silica

maximum

Fume - 60

size -2.36
Superplasticizer –

Mohan et al.

0.94

[52]

mm)
2.

Portland

943

cement –

(maximum

471.5,

particle size –

Slag –

2 mm)

330

471.5
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Serial Binders

Aggregates

Water

Admixtures and

No.

(kg/m3)

(kg/m3)

(kg/m3)

fibers (kg/m3)

3.

Portland

252 (0.06-0.2

138

Superplasticizer - 14

Cement –

mm), 252 (0-

391, Fly

1 mm), 756

Ash – 213,

(0-2 mm)

References
Nerella et al.
[59]

Silica Fume
– 106.5
4.

Portland

1167

261

Superplasticizer –

Cement –

(maximum

12.24, viscosity

579, Fly

particle size –

modifying admixture

Ash (Class

4.75 mm)

(VMA) – 1.08, Nano-

F) – 165,

silica – 5.79, 11.58,

Silica Fume

17.37 (as

- 83

replacements for

Kruger [40]

cement)
5.

Portland

430 (0.06-0.2

180

Superplasticizer - 10

Nerella and

Cement –

mm), 380 (0-

Mechtcherine

430, Fly

1 mm), 430

[21]

Ash – 170,

(0-2 mm)

Silica Fume
– 90
6.

Portland

1241

Cement –

(maximum

16.5, Retarder – 8.25,

579, Fly

particle size –

Polypropylene fibres

ash – 165,

2mm)

(12 mm length, 0.18

Silica Fume

232

Superplasticizer –

Le at al. [60]

mm diameter) – 1.2

- 83

24

2.4.1 Binders
From Table 2.5, it is clear that for Portland cement-based 3D printable mixtures, silica fume,
fly ash and slag have been widely used as a partial replacement for Portland cement. It is also to
be noted that the average binder content in the mixtures referred to in Table 1 is higher than 750
kg/m3. This contributes to an increase in the carbon footprint of 3D printing processes. In order to
mitigate this issue, Mohan et al. [44] optimized the aggregate to binder ratio in order to obtain
mortar with identical workability but with a reduced binder content. Beersaerts et al. [61] used iron
rich slags as a partial replacement of Portland cement and was successfully able to reduce the
content of Portland cement to 140 kg/m3. Alkali-activated binders have also found wide
application in the domain of concrete 3D printing. Panda and Tan [62] and Xia and Sanjayan [63],
among others successfully developed geopolymer-based mixtures suitable for 3D printing
applications.
2.4.2 Aggregates
Although there have been successful attempts at 3D printing with coarse aggregates ([64],
[65] among others), researchers have primarily focused on using fine aggregates only (see Table
2.1) with maximum particle size ranging from 2-4 mm. The rheological behavior is affected by
the maximum size of the aggregates as explained by Zhang et al. [22]. They recommended using
a lower content of fine sand (0-1.18 mm) than natural sand (0-4.75 mm) in order to satisfy
extrudability requirements.
2.4.3 Rheological modifiers
Rheological modifiers are chemical or mineral admixtures that affect the yield stress and
viscosity of concrete mixtures. Through well engineered application of these elements, 3D
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printable mixtures can be easily designed. Nano-silica, nano attapulgite clay and cellulose-based
viscosity modifying admixtures (VMA) have been used widely as discussed below.
In a suspension, nano particles tend to exhibit Brownian motion [40]. Billberg [66] stated that
the particles in a suspension have identical kinetic energy for a constant surrounding temperature
and zero external forces. Hence, the Brownian velocity is inversely proportional to the square root
of mass. Nanoparticles, with very low mass, tend to have a high velocity when dispersed in a
suspension, increasing the rate of flocculation [40]. Hence, at rest, the suspension exhibits high
yield stress, contributing to the thixotropic behavior. Nanoparticles also possess a higher specific
surface area (SSA) as explained by Kruger [40] and Billberg [66]. This increases the reactivity of
the nanoparticles in the suspension along with increasing the rate of formation of flocculated
masses.
Zhang et al. [22] and Kruger [40], among others used nano-silica as a rheological modifier.
1% addition of nano-silica increased the rate of increase of static yield stress by 14% from the
control mix, over a period of 120 seconds after mixing [40]. This indicates an increase in the rate
of flocculation in the mortar mixture, contributed by the presence of nano-silica particles. It is also
to be noted that a 1% addition of nano-silica resulted in a 44% increase (from control mix) in the
static yield stress while a 3% addition of the same resulted in a 136% increase in static yield stress,
rendering the mix unsuitable for extrusion [40].
Nano attapulgite clay is a highly purified version of magnesium aluminosilicate.
Morphologically, they are spindle-shaped with a length of 1.75 micro meters and a diameter of 30
nano metres [67]. In cement suspensions, nano clay spindles develop charges which enables them
to form lattice-like structures at rest, increasing the yield stress of the mixture [68]. This lattice
structure can be easily broken down under the application of shear forces, creating a difference in
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the unsheared and sheared state of the mortar mixture. Similar to conclusions derived by Kruger
[40] for nano-silica based mixtures, Kawashima et al. [68] reported a high rate of structural
recovery up to 120 seconds after mixing, with a reduced effect after 1800 seconds. Panda et al.
[48] reported a 58% increase in static yield stress and a 176% increase in the structuration rate (up
to 5 minutes) with the use of 0.5% of nano attapulgite clay. Hence, nano clay can definitely be
used for engineering 3D printable concrete mixtures, modifying the thixotropic behavior of the
same.
Polymer viscosity modifying admixtures (VMAs) were used by Leemann and Winnefeld
[69], among others, in order to modify the rheological properties of fresh concrete. Compared with
mineral admixtures like silica fume and nano-silica, natural polysaccharide-based VMA showed a
greater increase in the yield stress of the mortars. Leemann and Winnefeld [69] reported a
reduction in 1-day compressive strength on the addition of a natural polysaccharide, but the 28day compressive strength was unaffected. The effects of cellulose-based VMAs on the rheological
behavior of concrete have been well investigated ([40], [70], [71], [72] among others), but their
effects on hardened properties of concrete need further assessment. A study by Figueiredo et al.
[73] showed the effects of Hydroxypropyl methylcellulose (VMA) on the cement hydration and
the mechanical properties of concrete through microstructural analysis. They reported a reduction
in compressive strength by 35.71% for 0.1% (by mass of cement) addition of VMA, 43% for 0.3%
(by mass of cement) addition of VMA and 67% for 1% (by mass of cement) addition of VMA.
The results directly contradict to that of Leemann and Winnefeld [69]. Figueiredo et al. [73] also
suggest that polysaccharide-based VMAs retard hydration of cement which eventually affects the
mechanical properties of the mixtures.
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Through a discussion on the various rheological modifiers used in practice, it is of utmost
importance to understand the microstructural behavior of the materials and their interactions with
one another. With developed understanding of the same, it is possible to successfully engineer 3D
printable concrete mixtures with favorable rheological and mechanical properties.
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Chapter 3: Materials and Methods
3.1 Properties of materials
3.1.1 Binders and Aggregates
General Use (GU) cement from Lafarge Holcim, conforming to ASTM C150 [74] was used.
Low calcium Class F fly ash from Lafarge Holcim (conforming to ASTM C618 [75]) and silica
fume from Kryton International (conforming to ASTM C1240-20 [76]) were also used as binders.
Table 3.1 shows the physical and chemical properties of the binders as obtained from suppliers.
Table 3.1 Physical and chemical properties of GU cement, class F fly ash and silica fume

Property

GU cement

Class F fly ash

Silica fume

SiO2

19.20 %

49.7 %

89-95 %

Al2O3

5.12 %

23.7 %

1-2 %

Fe2O3

2.27 %

15.02 %

-

FeO

-

-

1.5-2.5 %

SO3

4.08 %

1.2 %

0.1-0.5 %

MgO

2.41 %

1%

0.5-1 %

CaO

62.27 %

6.1 %

0.9-1.5 %

Na2O

-

0.58 %

-

K2O

-

1.75 %

-

Na-equivalent

0.54

-

0.5-0.9 %

Moisture

-

0.1 %

0.1-0.5 %

LOI

-

7.9 %

2.5-5 %

Specific Gravity

3.15

2.34

2.2

Blaine specific surface area (m2/kg)

395

-

18000-21000
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River sand with a particle size distribution shown in Figure 3.1 was used as fine aggregates.
Even though the mixtures in the current study were mortars, they have been referred to as 3D
printable concrete mixtures.

Figure 3.1 Particle size distribution of sand

3.1.2 Rheological modifiers and other admixtures
Silica nano particle (nano-silica), with a particle diameter of 12 nm, was used as a rheological
modifier. They were procured from Sigma Aldrich. Table 3.2 shows the properties of nano-silica
used in the current study.
Table 3.2 Properties of nano-silica (as obtained from supplier)

Properties

Value

Appearance (color and form)

White powder

Density

2.2-2.6 g/ml at 250C

Surface area

196 m2/g

pH

4.5

Water content

1.10 %
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Properties

Value

Purity

99.8%

Boron

3.8 ppm

Bismuth

18.2 ppm

Cadmium

0.4 ppm

Copper

3.9 ppm

Iridium

6.6 ppm

Manganese

0.2 ppm

Nano attapulgite clay (purified magnesium aluminosilicate crystals) with needle-like
morphology (1.75 µm in length and 30 nm in diameter) was also used as a rheological modifier.
They were procured from Active Minerals International, commercially available as Actigel 208.
Table 3.3 shows the properties of nano attapulgite clay used in the current study.
Table 3.3 Properties of nano attapulgite clay (as obtained from suppliers)

Properties

Value

Appearance

Pale yellowish (brown to gray) slurry

pH

7.0-9.5

Specific gravity (@20% solids) of slurry

1.127

SiO2

55.2 %

Al2O3

12.2 %

Fe2O3

4.05 %

TiO2

0.49 %

CaO

1.98 %

MgO

8.56 %

K2O

0.68 %

Na2O

0.53 %

P2O5

0.65 %

LOI

15.66 %
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Sika Stabilizer 4R, a commercially available viscosity modifying admixture (VMA) was also
used as a rheological modifier (specific gravity – 1.02). It is a cellulose-based compound, typically
used as a thickening agent in concrete applications. ADVA 198 (Density – 1.1 kg/l), a
commercially available polycarboxylate-based compound was used as a superplasticizer. DAREX
II (Density – 1.04 kg/l) was used as an air entraining agent. ADVA 198 (conforming to ASTM
C1017 [77]) and DAREX II (conforming to ASTM C260 [78]) were procured from GCP Applied
Technologies. Both ADVA 198 and DAREX II were procured from GCP Applied Technologies.
3.2 Mixture design
3.2.1 Mixing technique
The concrete mixing was conducted in a Hobart N50 planetary mixer. Since a number of
additives were used in the mixtures, a multi-stage mixing process was adopted. Figure 3.2 shows
the additives used in mixtures.

a) Superplasticizer, Nano attapulgite clay, AEA and VMA
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b) Nano-silica powder
Figure 3.2 Additives used in the mixtures

The stages of mixing were as follows:
1. Dry mixing cement, sand, fly ash and silica fume for 3 minutes at 60 rpm. The sand used
was oven-dried for 24 hours and then cooled at ambient temperature. This ensured a good
control over the water-to-binder ratio.
2. Preparation of nanomaterials: This stage ensured that the nanomaterials were
homogenously premixed with water and the formation of flocs were avoided. In the case
of nano-silica, water (from the water used in the mixture) was added slowly into powdered
nano-silica. Flocs were formed immediately which were broken down by vigorous hand
stirring. The stirring continued for 15 minutes after which a suspension was obtained,
absent of any flocculated masses. In the case of nano attapulgite clay (Actigel 208
suspension), water (from the water used in the mixture) was added to dilute the gel-like
material. Similar to nano-silica, flocs were formed on addition of water. The mixture was
stirred for 5 minutes in order to obtain a clear suspension, absent of any flocculated masses.
3. Water, along with suspended nano particles, superplasticizer and AEA were added over 2
minutes at a mixing speed of 124 rpm. The mixer was momentarily stopped and the sides
of the mixing container were scraped.
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4. The wet mixing continued for further 3 minutes (at 124 rpm) during which VMA was added
(if required). It is to be noted that sequentially, VMA was always added at the end since it
immediately changed the viscosity of the mixture.

3.2.2 Preliminary investigations to obtain base mixture design
The base mixture design (Table 3.4) was developed in accordance to shape stability under
self-weight. Further details of the preliminary investigations are included in Appendix A.
Table 3.4 Base mixture design

Sand

GU cement

Class F Fly

Silica Fume

Water

Superplasticizer

(kg/m3)

(kg/m3)

Ash (kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

1167

579

128.2

128.2

232.6

12.24

Figure 3.3 Specimen of the base mixture design

Figure 3.3 shows that the specimen was stable under self-weight (based on the shape stability
test outlined in Appendix A). Hence, this mixture design was considered as the base mixture design
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(control) for the current study. Rheological modifiers and air entraining admixtures (AEA) were
added to the base mixture design for improvement in fresh properties pertaining to concrete 3D
printing applications
3.2.3 Preliminary investigation to obtain 3D printable mixture designs
A second set of preliminary investigations were conducted to obtain 3D printable concrete
mixture designs based on flow table investigations from literature (refer to Table 2.1). As outlined
in ASTM C230 [41], a flow table and a trapezoidal mold was used for the experiment. Immediately
after mixing, the concrete mixture was filled into a trapezoidal mold of height 50 mm and upper
and lower diameters of 70 mm and 100 mm respectively. The mixture was filled in two layers with
20 hits by a tamping rod after each layer. Finally the specimen was struck off with a trowel in
order to remove additional concrete from top of the mold. After loading the specimen into the
mold, the mold was lifted after 1 minute. The flow table was dropped 25 times in 15 seconds as
per ASTM C1437 [42]. Two perpendicular diameters were measured for each trial and 3 replicates
were considered for each mixture. Table 3.5 highlights the mixtures tested in the second set of
preliminary investigations to obtain 3D printable mixtures. The specimen nomenclature in Table
3.5 and throughout the thesis have been selected based on the additives used and their quantities
in terms of mass percentage of binders. A sample nomenclature is shown in Figure 3.4.
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Figure 3.4 Sample mixture nomenclature

Table 3.5 Mixture designs considered for the preliminary flow table tests [kg/m3]

Mixture

Sand

GU

Class F

Silica

cement

Fly Ash

Fume

Water

Superplast

Rheological

icizer

Modifiers
and Air
Entraining
Admixtures

Control

1167

579

128.2

128.2

232.6

12.24

-

0.5NS

1167

579

128.2

128.2

232.6

12.24

NS – 4.18

1NS

1167

579

128.2

128.2

232.6

12.24

NS – 8.36

1NC

1167

579

128.2

128.2

232.6

12.24

NC – 8.36

0.5VMA

1167

579

128.2

128.2

232.6

12.24

VMA – 4.18

1VMA

1167

579

128.2

128.2

232.6

12.24

VMA – 8.36

0.5NS-

1167

579

128.2

128.2

232.6

12.24

NS – 4.18,

0.5VMA
1NC-0.5VMA

VMA – 4.18
1167

579

128.2

128.2

232.6

12.24

NC – 8.36,
VMA – 4.18

1.5NC-1VMA

1167

579

128.2

128.2

232.6

12.24

NC – 12.54,
VMA – 8.36
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Mixture

Sand

GU

Class F

Silica

cement

Fly Ash

Fume

Water

Superplast

Rheological

icizer

Modifiers
and Air
Entraining
Admixtures

1NC-0.5VMA-

1167

579

128.2

128.2

232.6

12.24

0.15AEA

NC – 8.36,
VMA –
4.18, AEA –
1.25

1NC-0.5VMA-

1167

579

128.2

0.3AEA

128.2

232.6

12.24

NC – 8.36,
VMA –
4.18, AEA –
2.51

3.3 Time-dependent Flowability Analysis
Having selected the mixtures based on initial flow diameter values as per the procedure
outlined in section 3.2.3 and recommended flow diameter values (as per Table 2.1), a timedependent flowability testing procedure was used to assess the thixotropic development of 3D
printable concrete mixtures pertaining to the reduction in flow diameter over time. Flow table tests
were conducted immediately after mixing and at 15 and 30 minutes after mixing. The specimen
preparation and testing technique was exactly as followed in section 3.2.3 (as per ASTM C1437
[42] and C230 [41]). After completing one flow table test, the flow table and mold were
immediately cleaned in order to reduce surface friction on the flow table. The specimen for the
subsequent flow table test for the same mixture was prepared without delay and it was covered
with plastic sheets in order to prevent evaporation of water from the surface of the specimen. The
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author acknowledges that the specimens for 30 minutes after mixing were disturbed at 15 minutes
due to specimen preparation procedures (filling in molds and tamping) which affected the flow
diameter reading at 30 minutes. To avoid this, it is recommended to use multiple molds and flow
tables in order to obtain undisturbed samples prior to testing. For each mixture, 3 trials were
considered and the reported value is the average value of those trials.

3.4 Apparent Green Strength Test
The effect of uniaxial compressive loading on fresh 3D printable concrete specimens was
studied through the analysis of apparent green strength, apparent elastic modulus and post-peak
behavior from apparent stress-vertical strain curves.
3.4.1 Apparatus
The apparatus used for the tests was developed at the Materials Testing laboratory,
Department of Civil Engineering, the University of British Columbia, Vancouver. A small-scale
loading frame with a load cell (maximum capacity – 6.5 kN) was used in conjunction with a Linear
Variable Differential Transformer (LVDT) as a sensor to measure the vertical displacement of the
specimen. A steel shelf was installed for supporting the specimen during testing. It is to be noted
that the shelf was carefully positioned to minimize time loss between demolding the specimen and
bringing the loading plate in contact with the specimen at the start of the test. This was necessary
in order to mitigate the effects of specimen deformation under self-weight. Also, a set of 3 brackets
was attached on the steel shelf in order to hold the base plate in place during testing. The loading
plate was coated with Teflon sheet in order to reduce frictional effects during testing.
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In addition to the loading apparatus, special mold-base plate sets were designed for
conducting the tests. Half-cylinder molds, made from Polyvinyl chloride (PVC) pipes, were used.
The two half cylinders were held together by a detachable rotary clamp. This enabled easy
demolding of the fresh concrete specimens prior to testing. In order to reduce frictional effects at
the contact area between the specimen and the molds, the inner walls of the molds were coated
with Teflon sheets. The diameter of the cylindrical mold (when held together by the rotary clamp)
was 75 mm while the height was 150 mm. According to Panda et al. [57] and Wolfs et al. [56], a
diameter above 70 mm eliminated effects due to particle size and distribution and an aspect ratio
of 2 enabled the formation of a diagonal plane in case the mode of failure of the specimen was
through the formation of a shear plane. The base plates were also coated with Teflon sheet in order
to reduce frictional effects. For each trial, one mold-base plate set up was used. Figure 3.5 shows
labelled diagrams of the apparatus and the mold-base plate set up.

a) Apparatus used for the apparent green strength test
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b) Mold-base plate set up
Figure 3.5 Equipment used for the apparent green strength test

3.4.2 Specimen preparation
After mixing the raw materials as per the procedure outlined in section 3.2.1, concrete
mixtures were poured into the cylindrical molds, each of which were placed on a base plate. The
half cylinders were tightly held by the rotary clamp in order to prevent fresh concrete oozing out
of the gaps between the two portions. The base plate and the inner walls of the molds were oiled.
Concrete was filled in three layers with 25 hits by a tamping rod after each layer. Finally, the top
of the mold was struck off with a trowel in order to have a smooth finish. It is to be noted that
vibrating the specimens was avoided in order to prevent concrete escaping through the gaps in the
mold-base plate set up. The author acknowledges that this might have caused the formation of
eccentric air pockets. After filling in the molds with the concrete specimen, they were covered
with plastic sheets in order to prevent evaporation of water from the surface of the specimens.
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3.4.3 Testing procedure
Uniaxial compressive load was applied on fresh concrete specimens at 30 minutes, 60
minutes, 90 minutes and 120 minutes after mixing. Before the start of each test, the loading plate
was cleaned and oiled in order to reduce the effects of surface friction. The specimen (mold-base
plate set up) was carried up to the loading apparatus (as described in section 3.3.1) and the base
plate was carefully inserted and placed firmly with the help of 3 brackets on the steel shelf. The
specimen was demolded by first detaching the rotary clamp and then by carefully removing the
half cylinder molds. This was done very slowly in order to prevent the application of any
unintentional force which might result in thixotropic breakdown of the specimen. The loading plate
was lowered down as quickly as possible and was made sure to be in full contact with the top
surface of the specimen. The test was then started at a rate of 0.5 mm/min (displacementcontrolled) which was suggested by Wolfs et al. [56] as an optimal rate to model the speed of the
3D printer and also finish the testing procedure as quickly as possible in order to avoid additional
deformations due to self-weight and thixotropic breakdown. The test continued up to 40% of
vertical strain. Beyond that limit, specimens were eccentrically too deformed to obtain data.
3.4.4 Calculations and Data Representation
The load cell and the LVDT sensor in the apparatus generated force-displacement curves
using the software DASYLab. The following equations were used for conversion of forcedisplacement curves to apparent stress-vertical strain curves:
Displacement on the sensor (mm)

Vertical strain = Initial Height of the specimen (mm)
Apparent stress =

Load (N)

Cross−sectional area of the cylindrical mold (mm2 )

(1)
(2)
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From the apparent stress-vertical strain curves, apparent elastic modulus was calculated. Based on
ASTM C469/469M [79], the formula for chord modulus was modified to calculate the apparent
elastic modulus of fresh concrete specimens. The linear region in the apparent stress-vertical strain
curves was identified through trials. It was found that the curves were linear or close-to-linear for
all the mixtures up to 80% of the apparent green strength. Wolfs et al. [56] suggested to calculate
the elastic modulus of fresh 3D printable concrete specimens at 5% vertical strain owing to
linearity of the stress-strain curves up to 5% strain and a realistic deformation in the process of
concrete 3D printing. The current method suggested by the author follows that the elastic modulus
be calculated at around 5% vertical strain while considering that the vertical strain at which the
apparent green strength is reached is dependent on the admixtures used. A sample apparent stressvertical strain curve with a corresponding chord is shown in Figure 3.6.

Figure 3.6 Sample apparent stress-vertical strain curve and corresponding chord
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The formula used for calculating the apparent modulus of elasticity is as follows:
Apparent Elastic Modulus =

Stress (80% of apparent green strength) − Stress (at 1.5% vertical strain)
Strain (at 80% of apparent green strength) − 0.0015

(3)

Based on the data obtained and the calculations performed, the mixtures tested were
compared based on the value of apparent green strength, post-peak behavior, apparent elastic
modulus, rate of increase of apparent green strength and rate of increase of apparent elastic
modulus.

3.5 Rheometric testing
3.5.1 Apparatus
The concrete mixtures were tested in a rheometer for further quantitative assessment of their
fresh properties. For this purpose, a Brookfield RST-SST (Soft Solids Tester) rheometer was used.
It is a vane-shear rheometer applicable for testing slurries and suspensions, capable of operating
both in the Controlled Shear Rate (CSR) and Controlled Shear Stress (CSS) modes. In the current
study, two different vanes were used depending on the range of shear stress response from the
material. The VT-40-20 (40 mm height and 20 mm width) vane was used for cases with a
maximum shear stress up to 3400 Pa. The VT-20-10 (20 mm height and 10 mm width) was used
for cases with a maximum shear stress up to 27000 Pa. It is to be noted that the right vane was
selected based on the value of Full Scale Range (FSR) torque in percentage which is a measure of
accuracy of the rheometer. Based on supplier recommendations, an FSR torque value of 5-1000%
was targeted. In cases where the FSR torque was below 5%, unstable data was generated while the
rheometer stopped operating when the FSR torque exceeded 1000%. The rheometer was
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programmed through Rheo3000, a licensed software by AMETEK Brookfield. The software
allowed for programming different rheological protocols in addition to providing data acquisition
and data analysis tools. Figure 3.7 shows the rheometer used in the current study.

a) Rheometer

b) Specimen being tested in a rheometer

Figure 3.7 Brookfield RST-SST rheometer used in the current study

3.5.2 Specimen preparation
Concrete was mixed according to the procedure outlined in section 3.2.1. For each rheometric
test, 600 ml of fresh concrete was used. The mixture was poured into a 600 ml beaker in two layers
with 25 hits by a tamping rod after each layer. Finally, the specimens were vibrated for 10 seconds
on a vibrating table in order to eliminate air pockets. The author acknowledges that vibration
affects the rheological parameters (yield stress and viscosity) of the specimen as they are highly
sensitive to applied shear, but the speed and duration of vibration were kept constant for all the
specimens.
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3.5.3 Testing Procedure
3.5.3.1 Stress Growth Test
The stress growth test studied the development of static yield stress over resting time. Five
specimens were prepared as per section 3.5.2 and the test was conducted over 1 hour. During the
resting time, the specimens were covered with a plastic sheet in order to prevent evaporation of
water from the surface of the specimen. Tests were conducted at 5 minutes (allowing for specimen
preparation time), 15 minutes, 30 minutes, 45 minutes and 60 minutes after mixing. For each test,
a constant shear rate of 1 s-1 was applied over a period of 2 minutes. Through the software
Rheo3000, shear stress versus time curves were generated. The peak stress value is the static yield
stress while the constant shear stress reached at the end of 2 minutes is the dynamic yield stress.
Figure 3.8 shows a sample curve obtained from the test.

Figure 3.8 Sample curve for the stress growth test
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3.5.3.2 Flow Curve Test
Flow curves are used to quantitatively assess the yield stress and plastic viscosity of fresh
concrete over a range of shear rate. Unlike the procedure followed in section 3.5.3.1, a changing
shear rate was applied over a period of time. The shearing regime consisted of three phases:
•

Phase 1: Pre-shearing the specimen. This ensured that the effect of resting time after
specimen preparation and before starting the test was mitigated, through destructuring the
material. Also, it made sure that different specimens tested were initially at the same
rheological state. The pre-shearing was done at 50 s-1 for 120 seconds. No data was
collected during this regime.

•

Phase 2: Rest stage. After pre-shearing the material, it was necessary to stabilize the
material [51] prior to testing. No data was collected during this regime. The rest stage
continued for 120 seconds after pre-shearing.

•

Phase 3: Testing protocol. In this stage, the actual testing of the specimen was conducted.
An increasing step-shear protocol was designed from 0 s-1 to 50 s-1. The duration of each
step was 15 seconds and hence the total testing duration was 90 seconds. One data point
was considered at each second. It is to be noted than a stepped increase of shear rate was
considered instead of linear increase in order to eliminate overestimation of shear stress
due to thixotropic behavior of the material. Also, the duration of each step was decided
based on stability of shear stress at each step, based on laboratory trials. Figure 3.9 shows
a sketch of the protocol, sample data over the entire testing regime and sample data at one
step.
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a) Testing regime

a) Sample data

b) Sample data for one step

Figure 3.9 Sample data collected for flow curve test

It is to be noted that from Figure 3.9, the average shear stress of the last five data points were
considered for each step for further calculations.

3.6

Hardened properties

Compressive and split tensile strength at 28 days were tested for the selected concrete mixtures.
Cylindrical specimens of 150 mm height and 75 mm diameter were prepared as per ASTM C31
[80]. They were demolded after 24 hours and cured for 28 days at 90% relative humidity. Prior to
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testing, the ends of the cylinders were ground in order to obtain smooth surfaces. For each mixture,
3 replicates were tested for compressive strength and 3 for split tensile strength. Forney FX 600
was used for both compressive and split tensile strength tests. An additional loading frame and
base supports were used in the case of split tensile strength test. The loading rate for compressive
strength was 0.24 MPa/s (as per ASTM C39 [81]) while for split tensile strength test, the loading
rate was 0.045 MPa/s (as per ASTM C496 [82]). Figure 3.10 shows the set ups used for testing the
hardened properties of the concrete mixtures at 28 days.

a) Grinding of cylindrical specimens

c) Compression testing set up

b) Forney Compression Testing Machine

d) Split Tensile Strength testing set up

Figure 3.10 Testing of hardened concrete specimen
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Chapter 4: Results and Discussions
4.1 Flowability Tests
As discussed in section 3.2.3, flow table tests were conducted for 11 mixtures with selected
combinations of mineral and chemical admixtures. The results are summarized in Table 4.1.
Table 4.1 Flow table test results immediately after mixing
Mixture

Mean Flow Diameter (Standard

Selection for further

Deviation)

assessments

Control

218 (15.22)

Rejected*

0.5NS

186 (6.54)

Rejected

1NS

143 (4.29)

Selected

1NC

199 (24.30)

Rejected

0.5VMA

175 (5.62)

Rejected

1VMA

152. (4.68)

Selected

0.5NS-0.5VMA

161 (6.28)

Selected

1NC-0.5VMA

148 (4.96)

Selected

1.5NC-1VMA

134 (2.04)

Selected

1NC-0.5VMA-0.15AEA

155 (2.07)

Selected

1NC-0.5VMA-0.3AEA

165 (2.48)

Selected

*considered in the rheometric assessments for comparison

Concrete mixtures with a flow diameter range of 130-170 mm were used to select mixtures
for further assessments in the current thesis. The range was decided based on recommendations
from literature (refer to Table 2.1) and testing feasibility corresponding to the methods used in the
current study. Especially for the apparent green strength apparatus, concrete mixtures with flow
table diameters exceeding 170 mm were not suitable for testing due to instability during specimen
demolding.
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From Table 4.1, it is evident that the control mixture exhibited the highest flow diameter in
the absence of any rheological modifiers. Although the control mixture had 15.4% silica fume as
a percentage of binder mass, the flow diameter value was not suitable for 3D printing applications,
as suggested by literature (refer to Table 2.1). Nano attapulgite clay has been extensively used as
rheological modifiers in 3D printable concrete mixtures ([48], [68] among others), but the use of
the same as the sole rheological modifier yielded unsatisfactory results in terms of flow diameter.
When used in conjunction with cellulose ether (VMA), the flow diameters were well within the
range selected for the study. In the case of nano-silica, 0.5% (of total binder mass) was not an
effective dosage. The mixtures with 1% nano-silica and 0.5% nano-silica - 0.5% VMA (of total
binder mass) had flow diameter values within the range of the current study. The addition of airentraining agents to the mixture 1NC-0.5VMA increased the flow diameter by 4.73% (for 0.15%
addition) and 11.5% (for 0.3% addition). This is typically due to the lubricating effect of air
bubbles when introduced in a fresh concrete mixture.

4.2 Time-Based Flowability Assessment
As per section 3.3, time-based flowability assessments were performed on the selected
mixtures from section 4.1. The difference in flow diameter over time is due to the thixotropic
behavior of the concrete mixture. Table 4.2 shows the results from the time-based flowability
assessment.
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Table 4.2 Flow table test results for 0 min., 15 min. and 30 min after mixing

Mixture

Mean Flow Diameter (Standard Deviation)
0 min.
(immediately
after mixing)

15 min.

30 min.

1VMA

152 (5.11)

139 (0.76)

131 (1.04)

1NS

143 (4.77)

133 (4.31)

129 (8.32)

0.5NS-0.5VMA

161 (6.87)

142 (3.33)

134 (5.84)

1NC-0.5VMA

148 (5.29)

132 (4.54)

126 (3.75)

1.5NC-1VMA

134 (2.02)

125 (1.53)

119 (1.73)

1NC-0.5VMA-0.15AEA

155 (1.53)

140 (5.39)

129 (0.87)

1NC-0.5VMA-0.3AEA

165 (2.25)

148 (3.82)

140 (4.75)

Table 4.2 shows the mean flow diameters and their standard deviations immediately after
mixing, 15 minutes and 30 minutes after mixing. The 1.5NC-1VMA mortar is clearly the stiffest
of all the mixtures tested with the lowest flow diameter values over 30 minutes after mixing.
Considering the change in flow diameter over time, it is to be noted that for all the mixtures, the
change in diameter from 0 min. to 15 min. is higher than the change from 15 min. to 30 min. This
behavior corresponds to the effects of ‘reflocculation’ as explained by Kruger [40], which is further
enhanced by the presence of nano particles. The 0.5NS-0.5VMA concrete mixture shows the
highest percentage of reduction in flow diameter over the first 15 minutes (11.8%). It is to be noted
that the combined use of nano-silica and VMA affected the thixotropic behavior (in terms of
change in flow diameter) more than when they were used separately as rheological modifiers (in
1VMA and 1NS). Mixtures 1NC-0.5VMA, 1NC-0.5VMA-0.15AEA and 1NC-0.5VMA-0.3AEA
51

also exhibited a high percentage of reduction in flow diameter over the first 15 minutes (10.81%,
9.68% and 10.3% respectively). This is typically due to the build-up of lattice structures by nano
clay spindles at rest, increasing the yield stress of concrete mixtures [68]. The addition of AEA to
1NC-0.5VMA increased the flow diameter while reducing the rate of reduction of flow diameter
over the first 15 minutes. Mixture 1.5NC-1VMA, with the highest content of nano clay and
polymeric VMA, exhibited the lowest increase in the flow diameter during the first 15 minutes
(6.72%). It is to be noted that the optimal dosages of rheological modifiers also depend on the base
mixture design. Hence, further comprehensive assessments are necessary to study the optimal
dosage of rheological modifiers.
4.3 Apparent Green Strength Test
As outlined in section 3.4, the apparent green strength test was performed to study the effect
of compressive loading on fresh 3D printable concrete mixtures. Figure 4.1 shows the apparent
stress vs vertical strain curves for the 7 mixtures tested in the current study. It is to be noted that
the control mixture was unfit for testing as per the protocol followed, owing to issues with
specimen demolding. Each mixture was tested at 30 minutes, 60 minutes, 90 minutes and 120
minutes after mixing. Three trials were conducted for each test and the average curves have been
plotted in Figure 4.1. Appendix B shows apparent stress-vertical strain curves for all the trials
conducted in the current study.
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a) 1VMA

b) 1NS

c) 0.5NS-0.5VMA

d) 1NC-0.5VMA

e) 1.5NC-1VMA

f) 1NC-0.5VMA-0.15AEA
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g) 1NC-0.5VMA-0.3AEA
Figure 4.1 Apparent stress vs vertical strain curves for the mixtures tested

Figure 4.1 shows the apparent stress-vertical strain curves for the seven mixtures considered
in the current study while Figure 4.2 shows some specimen failures observed in the current study.
Mixture 1VMA (Fig. 4.1a) exhibited post-peak softening behavior starting from 90 minutes after
mixing. It is to be noted that none of the specimens for 1VMA showed the formation of a shear
plane. The failure was purely compressive in nature with initial barreling effect followed by
yielding of the material through opening of the surface cracks (Fig. 4.2a). Mixture 1NS (Fig. 4.1b)
exhibited post-peak softening behavior from 30 minutes after mixing. All the mixtures failed
through the formation of a shear plane and there was slip along the surface of the plane which led
to the specimen losing contact with the loading plate at 20% vertical strain (Fig. 4.2b). The addition
of nano-silica as a rheological modifier clearly contributed to the brittle behavior of fresh concrete
specimens. 0.5NS-0.5VMA (Fig. 4.1c) showed post-peak softening behavior from 90 minutes after
mixing. Although 0.5% nano-silica was added to the mixture, the failure modes of the specimens
for 0.5NS-0.5VMA exhibited controlled brittleness. The specimens were bent in order to
accommodate the formation of a shear plane (Fig. 4.2c). There was no slip along the failure surface.
Mixture 1NC-0.5VMA exhibited post-peak softening behavior starting 60 minutes after mixing
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(Fig. 4.1d). Although specimens at 120 minutes showed the formation of a shear plane, all other
specimens showed a barreling effect (Fig. 4.2d). 1.5NC-1VMA was the stiffest mixture tested
(highest apparent green strength). It exhibited a post-peak softening behavior from 60 minutes
after mixing. Although failures at 90 minutes and 120 minutes after mixing were predominantly
through the formation of a shear plane, there was no slip observed along the shear plane (Fig. 4.2e).
The addition of 0.15% AEA (Fig. 4.1f) and 0.30% AEA (Fig. 4.1g) respectively to 1NC-0.5VMA
created a flatter post-peak region for the specimens at 90 minutes and 120 minutes. From Figures
4.2f and 4.2g, the difference in failure patterns between 0.15% AEA addition and 0.3% AEA
addition is to be noted. While the specimen with 0.15% AEA underwent a typical shear failure,
the specimen with 0.3% AEA underwent a compressive failure with surface cracks on the
specimen opening up due to progressive compressive loading.

a) 1VMA (120 minutes)

b) 1NS (120 minutes)
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c) 0.5NS-0.5VMA (120 minutes)

d) 1NC-0.5VMA (90 minutes)

e) 1.5NC-1VMA (120 minutes)

f) 1NC-0.5VMA-0.15AEA (120 minutes)
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g) 1NC-0.5VMA-0.3AEA (120 minutes)
Figure 4.2 Specimen failures of different mixtures under uniaxial compressive load
Figures 4.3 and 4.4 show the apparent green strength and apparent elastic modulus for
different mixtures and different resting times as obtained from the apparent green strength test.
The apparent elastic modulus was calculated as per the procedure outlined in section 3.4.4.
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Figure 4.3 Apparent green strength of the mixtures tested
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Figure 4.4 Apparent elastic modulus of the mixtures tested
From Figure 4.3, it is evident that 1.5NC-1VMA exhibited the highest apparent green
strength, followed by 1NC-0.5VMA. These results were in corroboration with findings reported
by Panda et al. [57] where nano attapulgite clay increased the green strength of 3D printable
concrete mixtures, enhancing the buildability of 3D printed structures. The apparent green strength
of 0.5NS-0.5VMA was higher than those of 1VMA and 1NS, although results from Table 4.2 are
contradictory in terms of flow diameter. Hence, in terms of apparent green strength (ultimately
related to buildability) and specimen brittleness, the use of NS and VMA in conjunction provided
added benefits than their separate use as rheological modifiers. The addition of 0.15% AEA to
1NC-0.5VMA reduced the apparent green strength by 36.1%, 28.6%, 23.3% and 19.6% at 30 min.,
60 min., 90 min. and 120 min. respectively after mixing, while the addition of 0.3% AEA to 1NC0.5VMA reduced the apparent green strength by 46.6%, 42.1%, 35.1% and 38.9% at 30 min., 60
min., 90 min. and 120 min. respectively after mixing. The presence of entrained air bubbles due to
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the addition of AEA resulted in a lubricating effect, reducing the apparent green strength of fresh
concrete.
From Figure 4.4, it is evident that 1NS exhibited the highest modulus of elasticity at all ages.
Also, 60 minutes onwards, mixture 0.5NS-0.5VMA exhibited high values of modulus of elasticity,
only second to 1NS. The high modulus of elasticity of nano-silica based mixtures is typically due
to the filler effect at the nano scale, increasing the stiffness of the mixtures. 1NC-0.5VMA and
1.5NC-1VMA exhibited higher modulus of elasticity values than 1VMA, indicating that the use
of nano attapulgite clay increased the elastic modulus in the fresh state. Similar results were also
obtained by Panda et al. [57]. The addition of 0.15% AEA to 1NC-0.5VMA reduced the apparent
elastic modulus by 23.9%, 9.64%, 23.9% and 16.5% at 30 min., 60 min., 90 min. and 120 min.
after mixing, while the addition of 0.3% AEA to 1NC-0.5VMA reduced the apparent elastic
modulus by 52.0%, 27.1%, 29.5% and 35.7% at 30 min., 60 min., 90 min. and 120 min. after
mixing. The presence of entrained air bubbles reduced the stiffness of the mixtures, resulting in a
lower value of modulus of elasticity.
In order to study the rate of increase of apparent green strength and modulus of elasticity over
time, linear models were fitted. Figures 4.5 and 4.6 graphically show the apparent green strength
vs resting time and apparent elastic modulus vs resting time plots while Tables 4.3 and 4.4 shows
the rate of increase of apparent green strength and apparent elastic modulus along with the
coefficient of determination of the respective linear model fits.
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Figure 4.5 Apparent green strength vs resting time
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Figure 4.6 Apparent Modulus of Elasticity vs resting time
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Table 4.3 Rate of increase of apparent green strength

Mixture

Rate of increase of apparent Coefficient of determination
green strength (Pa/min.)

(R2)

1VMA

75

0.95

1NS

138

0.90

0.5NS-0.5VMA

103

0.94

1NC-0.5VMA

96

0.94

1.5NC-1VMA

107

1.00

1NC-0.5VMA-0.15AEA

111

0.98

1NC-0.5VMA-0.3AEA

78

1.00

Control

N/A

N/A

Table 4.4 Rate of increase of apparent modulus of elasticity

Mixture

Rate of increase of apparent Coefficient of determination
modulus of elasticity

(R2)

(kPa/min.)
1VMA

0.7

0.99

1NS

2.2

0.86

0.5NS-0.5VMA

1.9

0.90

1NC-0.5VMA

0.9

0.84

1.5NC-1VMA

1.0

1.00

1NC-0.5VMA-0.15AEA

0.8

0.87

1NC-0.5VMA-0.3AEA

0.9

0.96

Control

N/A

N/A

From Tables 4.3 and 4.4, it is evident that 1NS exhibited the highest rates of apparent green
strength and apparent modulus of elasticity increase. This is typically due to a filler effect at the
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nano-scale, affecting the early age (fresh-state) mechanical properties. Also, 1VMA exhibited the
lowest rates of increase of both apparent green strength and apparent modulus of elasticity, in the
absence of mineral nano-scale admixtures. Mixture 0.5NS-0.5VMA, which is also a nano-silica
based mixture exhibited high rates of apparent green strength and apparent modulus of elasticity
increase, although the values were lower than that of 1NS, typically due to the use of cellulose
ether VMA in conjunction. The addition of 1.5% nano attapulgite clay to 1VMA resulted in a
42.67% increase in the rate of increase of apparent green strength and a 42.86% increase in the
rate of increase of apparent modulus of elasticity. Also, 1NC-0.5VMA had a 28.00% increase in
the rate of increase of apparent green strength and a 28.57% increase in the rate of increase of
apparent modulus of elasticity, as compared to 1VMA. Hence, the addition of nano attapulgite
clay increased the apparent green strength, apparent modulus of elasticity, rate of increase of
apparent green strength and rate of increase of apparent modulus of elasticity. These findings were
in corroboration with Kawashima et al. [68] and Panda et al. [57].

4.4 Stress Growth Test
The stress growth test results are shown in Figure 4.7. For all the cases, a constant shear rate
of 1 s-1 was applied for a period of 2 minutes. The repeatability of the experiment was verified, as
outlined in Annex C.
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b) 15 minutes
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d) 45 minutes
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f) Shear stress vs time curves for 1.5NC-1VMA for 5 different resting periods
Figure 4.7 Shear stress vs time curve for different resting periods (a-e); Shear stress vs time curve
for 1.5NC-1VMA at different resting times (f)
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From Figure 4.7, the values of static yield stress and dynamic yield stress were obtained as
discussed in section 3.5.3.1. The dynamic yield stress was considered as the average shear stress
of the last 10 measuring points in the shear stress-time curve while the static yield stress was
considered to be the peak shear stress in the shear stress-time curve. Table 4.5 shows the values of
static and dynamic yield stresses for different mixtures after 5 minutes of mixing, as obtained from
Figure 4.7.
Table 4.5 Static yield stress and dynamic yield stress after 5 minutes of mixing
Mixture

Static Yield Stress (Pa)

Dynamic Yield Stress (Pa)

1VMA

3383

435

1NS

3079

369

0.5NS-0.5VMA

1555

264

1NC-0.5VMA

2786

268

1.5NC-1VMA

9324

478

1NC-0.5VMA-0.15AEA

1927

290

1NC-0.5VMA-0.3AEA

2268

273

Control

673

112

It is to be noted that the first measuring point in the stress growth test employed in this study is ‘5
minutes’ after mixing. 5 minutes were allowed for specimen preparation. From Table 4.5, it is
evident that the ‘control’ mixture exhibited the lowest value of static and dynamic yield stress, in
the absence of any rheological modifiers. Considering the suggested values in literature (see Table
2.2), the control mixture was not suitable for concrete 3D printing. Mixture 1.5NC-1VMA
exhibited the highest value of static and dynamic yield stress among the mixtures tested. It is due
to the presence of both nano attapulgite clay and cellulose ether VMA in higher amounts than the
other mixtures. Again, considering the suggested values in literature (see Table 2.2), the mixture
1.5NC-1VMA was too stiff for use in concrete 3D printing. It is to be noted that the mixtures 1NS
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and 1VMA exhibited a higher yield stress (static and dynamic) than when used in conjunction
(0.5NS-0.5VMA). This result exactly corroborates to the flow diameter values in sections 4.1 and
4.2. The action of nano-silica as a rheological modifier is governed by Brownian motion and
expedited flocculation of particles in the fresh concrete mixture [40], while the action of cellulose
ether VMA is governed by arresting the available water in the fresh state of concrete [73]. When
used in conjunction, the governing mechanism of yield stress increase has not been well explained
in literature. Hence, hybrid rheological modifiers can be developed for obtaining yield stress on
demand by adjusting the dosage of both the admixtures; but further assessments are necessary to
completely understand the interactive behavior of nano-silica and cellulose ether VMA. Nano
attapulgite clay, when used in conjunction with cellulose ether VMA (1NC-0.5VMA) resulted in
a 314% increase in static yield stress and 139% increase in dynamic yield stress (compared to the
control mixture).
The addition of 0.15% AEA to 1NC-0.5VMA reduced the static yield stress by 30.8% while
the addition of 0.30% AEA to 1NC-0.5VMA reduced the static yield stress by 18.6%. The
reduction in static yield stress on the addition of AEA is due to the lubricating effect of air bubbles
but the increase in static yield stress from 0.15% addition of AEA to 0.30% addition is typically
due to the formation of air bubble bridges in the fresh concrete suspension at higher rates of AEA
addition [83]. With increasing air content, Struble and Jiang [83] suggested a linear increase in
both yield stress and viscosity of cementitious pastes. Further, Tarhan and Sahin [84] reported that
for 3D printable concrete mixtures, both yield stress and viscosity decreased up to 0.15% addition
of AEA while it increased thereafter. Hence, further assessments are necessary to study the effects
of air entrainment on 3D printable concrete mixtures and microstructurally study the formation of
air bubble bridges affecting the rheological properties of fresh concrete.
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4.4.1 Model Fitting and Thixotropic Analysis
Based on the static yield stress obtained at different time intervals, Roussel’s thixotropic
model [38] was fitted to the data for the different materials tested. The model is mathematically
represented as follows:
(5)

𝜏𝜏0 (𝑡𝑡) = 𝜏𝜏0 + 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑡𝑡,

where 𝜏𝜏0 is the static yield stress (Pa) right after mixing, t is the time elapsed after mixing (s),

𝜏𝜏0 (𝑡𝑡) is the static yield stress (Pa) after a time t and 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 is the rate of flocculation or the

structuration rate (Pa/s), used to quantify the thixotropic behavior of concrete mixtures. Appendix

D shows the experimental values obtained from the stress growth test, corresponding predictions
from Roussel’s model and percentage error in predictions. Figure 4.8 shows Roussel’s model fit
for the different materials tested and Table 4.6 shows the initial static yield stress (𝜏𝜏0 ) and

structuration rate (𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑥𝑥 ) for the corresponding concrete mixtures.
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Figure 4.8 Static yield stress vs time and corresponding Roussel’s model fit
68

Table 4.6 Initial static yield stress and structuration rate as obtained from Roussel’s model

Mixture

Initial static yield

Structuration rate

Coefficient of

2759

𝑨𝑨𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 (Pa/s)

determination (R2)

1VMA

stress 𝝉𝝉𝟎𝟎 (Pa)

1.17

0.97

1NS

2793

1.68

0.99

0.5NS-0.5VMA

167

0.83

0.91

1NC-0.5VMA

2639

1.00

0.99

1.5NC-1VMA

9319

1.65

0.96

1NC-0.5VMA-0.15AEA

1735

0.80

0.99

1NC-0.5VMA-0.3AEA

1970

1.04

0.98

Control

611

0.19

0.97

From Table 4.6, the control mixture had the lowest value of 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 which indicates the

importance of rheological modifiers in the thixotropic buildup of fresh concrete. Mixture 1NS had

the highest value of 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 owing to an expedited flocculation of nano-silica particles, affecting the

thixotropic behavior of fresh concrete. Mixture 1.5NC-1VMA had a higher value of 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 than

1NC-0.5VMA owing to a higher dosage of both the rheological modifiers. Also, the 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 values

of 1VMA and 1NS were higher than that of 0.5NS-0.5VMA. It is to be noted that although these
results are contradictory to that of section 4.2 in terms of difference in flow diameter values over
the first 15 minutes, 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 studies the thixotropic behavior of 3D printable concrete over 1 hour

which cannot be documented by the flow table test owing to a loss in sensitivity for stiffer mixtures.

The addition of 0.15% AEA to 1NC-0.5VMA resulted in a 20% reduction in 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 while the

addition of 0.3% AEA to 1NC-0.5VMA resulted in a 4% increment in 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 . Again, as explained
by Struble and Jiang [83], the formation of air bubble bridges could have contributed to an increase
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in the structuration rate ( 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 ) at a higher AEA dosage. Structuration rate followed a similar trend
to that of static yield stress in terms of AEA addition.

From Table 4.6, the coefficient of determination (for Roussel’s model fit) for all the mixtures
was higher than 0.9. Hence, a linear variation of static yield stress over time is verified. But for
mixtures with rheological modifiers, the yield stress predictions from Roussel’s model up to 15
minutes after mixing had a higher error percentage than the rest of the predictions up to 1 hour.
Appendix D shows all the experimental data, Roussel’s model predictions and prediction errors.
Table 4.7 shows the data (experimental and predicted) for one mixture (0.5NS-0.5VMA).
Table 4.7 Experimental and predicted values from stress growth test (for 0.5NS-0.5VMA)

Time after mixing

Experimental value

Predicted value (Pa)

Error percentage

(min.)

(Pa)

5

1555

1727

11.06

15

2921

2413

17.39

30

2980

3156

5.58

45

4062

3899

4.01

60

4512

4642

2.88

(%)

From Table 4.7, it is evident that at 15 minutes after mixing, Roussel’s model under predicts
the static yield stress by 17.39% while the difference in experimental and predicted values of static
yield stress reduces with an increase in resting time. This initial deviation from the linear model
was explained by Kruger [40] through the development of a bilinear model with a change in slope
after 2 minutes of mixing. The model is mathematically represented as follows:
𝜏𝜏𝑠𝑠 (𝑡𝑡) = 𝜏𝜏𝐷𝐷,𝑖𝑖 + 𝑅𝑅𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑡𝑡, when t < trf

𝜏𝜏𝑠𝑠 (𝑡𝑡) = 𝜏𝜏𝑆𝑆,𝑖𝑖 + 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 (𝑡𝑡 − 𝑡𝑡𝑟𝑟𝑟𝑟 ), when t > trf ,

(7a)
(7b)
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where 𝜏𝜏𝑠𝑠 (𝑡𝑡) is the static yield stress (Pa) at a time t after completion of mixing, 𝜏𝜏𝐷𝐷,𝑖𝑖 is the initial

dynamic yield stress (Pa), Rthix is the rate of reflocculation (Pa/s), t is the time elapsed after
completion of mixing (s), trf is the time up to which reflocculation dominates over structuration
(s), 𝜏𝜏𝑆𝑆,𝑖𝑖 is the initial static yield stress (Pa) and Athix is the structuration rate (Pa/s). According to
Kruger [40], the addition of nano-silica to fresh concrete mixtures increased the rate of flocculation

which was evident up to 2 minutes after mixing. He suggested that before the onset of structuration,
the yield stress increase is governed by a phenomenon called reflocculation. The presence of nanosilica particles expedited the rate of flocculation immediately after mixing, causing a high rate of
reflocculation. It is also to be noted that the rate of reflocculation is higher than the rate of
structuration. When rheological modifiers are absent, especially at the nano scale, the
reflocculation and structuration rate are expected to be similar (as explained by Kruger [40] and
observed from the results on the ‘control’ mixture). For nano clay based mixtures, Kruger’s
explanation on expedited flocculation can be extended, but it is to be noted that the mechanism of
flocculation for nano attapulgite clay particles is different from that of nano-silica particles, owing
to their spindle-like morphology. As explained in section 2.4.3, in fresh concrete suspensions, nano
clay spindles develop charges which form an electrostatically stable lattice at rest. This lattice can
be broken down under mechanical agitation. Kawashima et al. [68] reported a high rate of
structural recovery up to 120 seconds after mixing, with a reduced effect after 1800 seconds while
Panda et al. [48] reported a 58% increase in static yield stress and a 176% increase in the
structuration rate (up to 5 minutes) with the use of 0.5% of nano attapulgite clay. Hence, the
existence of a bilinearity in the static yield stress vs time curve has been well documented in
literature but further experimental and statistical analyses are necessary to determine the nature of
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bilinearity (or any other possible curves) on fresh 3D printable concrete with different rheological
modifiers.
4.5 Flow Curve Test
As discussed in section 3.5.3.2, flow curve tests were performed on fresh concrete specimens
in order to study the response of the materials over changing shear rate. The repeatability of the
experiment was verified, as outlined in Appendix E. Further, the average shear stress of the last 5
measuring points at each step was considered (as explained in section 3.5.3.2) for fitting a Bingham
model to the shear stress vs shear rate curve. The model is mathematically represented as follows:
𝜏𝜏 = 𝜏𝜏0 + µ𝛾𝛾,

(2)

where τ is the shear stress (Pa), µ is the plastic viscosity (Pas), γ is the shear rate (1/s) and 𝜏𝜏0 is the
yield stress of the material (Pa) which needs to be exceeded to enable the material to flow. Figure
4.9 shows the data obtained from the flow curve test for each mixture along with the corresponding
Bingham model fits. Table 4.8 summarizes the Bingham model parameters obtained from the flow
curve test.

a) 1VMA
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b) 1NS

c) 0.5NS-0.5VMA

d) 1NC-0.5VMA

73

e) 1NC-0.5VMA-0.15AEA

f) 1NC-0.5VMA-0.3AEA
Figure 4.9 Shear stress vs time plot (left) and corresponding Bingham model fits (right)
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Table 4.8 Bingham model parameters

Mixture

Yield stress 𝝉𝝉𝟎𝟎

Plastic viscosity µ

Coefficient of

(Pa)

(Pas)

determination (R2)

1VMA

212

9.04

0.98

1NS

276

8.02

0.97

0.5NS-0.5VMA

181

8.34

0.97

1NC-0.5VMA

206

8.12

0.98

1.5NC-1VMA

N/A

N/A

N/A

1NC-0.5VMA-0.15AEA

190

9.22

0.97

1NC-0.5VMA-0.3AEA

207

9.37

0.99

Control

42

8.47

0.99

From Table 4.8, it is evident that the control mixture exhibited the lowest value of yield stress.
Further, the addition of cellulose ether VMA (1VMA) and nano-silica (1NS) increased the yield
stress of the concrete mixture by 405% and 557% respectively. It is to be noted that the combined
use of nano-silica and cellulose ether VMA (0.5NS-0.5VMA) resulted in a lower yield stress than
when used separately (1NS and 1VMA). These findings are in corroboration with the static yield
stress obtained from the stress growth test in section 4.4. The addition of 0.15% AEA to 1NC0.5VMA resulted in a 7.77% reduction in yield stress while the addition of 0.3% AEA to 1NC0.5VMA resulted in a 0.49% increment in yield stress as compared to 1NC-0.5VMA.
Plastic viscosity, for all the materials tested, was in the range of 8-9.5 Pas. The addition of a
cellulose ether VMA increased the plastic viscosity by 6.7% while the addition of nano-silica
reduced the plastic viscosity by 5.3%. Conflicting results are available in literature corresponding
to the effect of nano-silica on plastic viscosity. While Hou et al. [85] reported a significant increase
in plastic viscosity with nano-silica content, Senff et al. [86] reported a minimal change in plastic
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viscosity with an increase in nano-silica content. Garcia-Taengua et al. [87] reported a parabolic
variation of plastic viscosity with nano-silica content. The addition of AEA to 1NC-0.5VMA
increased the plastic viscosity by 13.6% (for 0.15% AEA addition) and 15.4% (for 0.3% AEA
addition). Struble and Jiang [83] reported similar findings where plastic viscosity linearly
increased with an increase in the dosage of AEA.
Dealing with high yield stress concrete mixtures in 3D printing, it is necessary to identify the
effects of plug flow and shear-induced particle migration during concrete rheometry. When
shearing a concrete mixture with a high yield stress, the applied shear stress does not exceed the
yield stress of the material along the entire cross-section of the specimen [27]. This results in the
formation of an unsheared zone in the specimen and plug flow is established. Plug flow leads to
an error in the estimation of yield stress and plastic viscosity. Particle migration refers to the
segregation of particles in the concrete mixture owing to a difference in their mass [88]. While
concrete mixtures with a maximum particle size of 4.75 mm (used in the current study) are
negligibly affected by shear-induced particle migration, mixtures with a high yield stress-plastic
viscosity ratio are affected [89]. Hence considering the effects of plug flow and particle migration,
results from the flow curve test of 1.5NC-1VMA (concrete mixture with a very high yield stress
as explained in section 4.4) were not included in the current study.
4.6 Mechanical Properties
As per the procedure outlined in section 3.6, 28-day compressive and split tensile tests were
conducted on cylindrical specimens, corresponding to the mixtures designed in this study. Three
replicates were considered for each mixture. Figures 4.10 and 4.11 show the compressive and
tensile strength values of the specimens tested.
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Compressive strength [MPa]

120
100

1VMA

80

1NS

60

1NC-0.5VMA

40

1NC-0.5VMA-0.15AEA

20

Control

0.5NS-0.5VMA
1.5NC-1VMA
1NC-0.5VMA-0.3AEA

0
Figure 4.10 Compressive strength at 28 days

7

Tensile strength [MPa]

6
1VMA

5

1NS
0.5NS-0.5VMA

4

1NC-0.5VMA
1.5NC-1VMA

3

1NC-0.5VMA-0.15AEA

2

1NC-0.5VMA-0.3AEA
Control

1
0
Figure 4.11 Split tensile strength at 28 days

From Figures 4.10 and 4.11, the addition of 1% VMA to the control mixture resulted in a
23.9% reduction in compressive strength and a 10.4% reduction in tensile strength. Figueiredo et
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al. [73] reported a reduction in compressive strength on the addition of a cellulose ether VMA.
Through microstructural tests, they also reported a reduction in the rate of early-age hydration on
increasing the VMA dosage. Mixture 1NC-0.5VMA exhibited a 12.7% reduction in compressive
strength and a 3.26% reduction in tensile strength, while 1.5NC-1VMA exhibited a 26.93%
reduction in compressive strength and a 35.9% reduction in tensile strength. Similar findings have
been documented in literature. Panda et al. [90] reported a 17% reduction in the compressive
strength of geopolymer-based 3D printable mixtures, with a 0.5% (by binder weight) addition of
nano attapulgite clay. Natanzi and McNally [71] also reported a 13.2% reduction in the
compressive strength of 3D printable concrete with a 0.5% addition of nano attapulgite clay.
Further microstructural assessments are necessary to study the effect of nano attapulgite clay on
the hydration of cementitious mixtures, eventually affecting the mechanical properties of hardened
concrete. Introduction of entrained air through the use of AEA reduced the compressive and tensile
strength of the concrete mixtures. While 0.15% addition of AEA to 1NC-0.5VMA resulted in a
0.72% reduction in compressive strength and a 16.7% reduction in tensile strength, the addition of
0.3% AEA resulted in a 22.1% reduction in compressive strength and a 32.7% reduction in tensile
strength at 28 days. The addition of 1% NS to the control mixture resulted in a 1.9% increase in
the compressive strength and a 35.1% reduction in the tensile strength. 0.5NS-0.5VMA had similar
results in terms of the tensile strength at 28 days. Figure 4.12 shows the split surface of a 1NS
specimen after failure. Eccentrically distributed air pockets were found along the split surface
which reduced the tensile strength of 1NS specimens. Poor dispersion of nano-silica particles in
the concrete mixture could have caused the formation of air pockets which eventually led to a low
tensile strength.
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Figure 4.12 Split surface of a 1NS specimen showing the presence of air pockets

4.7 Statistical Correlations of Fresh-State Properties
The variability existing between the different rheological testing methods used for assessing
the fresh properties of 3D printable concrete mixtures makes it difficult to standardize testing
procedures. In order to address this knowledge gap in literature, statistical correlations (bivariate)
were developed and analyzed based on the different testing protocols used in the current study.
Bivariate Pearson correlation coefficient was used to quantify the correlation between two
parameters under consideration. Pearson correlation coefficient is defined as:

𝑅𝑅 =

∑(𝑥𝑥𝑖𝑖 −𝑥𝑥̅ )(𝑦𝑦𝑖𝑖 −𝑦𝑦�)

�∑(𝑥𝑥𝑖𝑖 −𝑥𝑥̅ )2 ∑(𝑦𝑦𝑖𝑖 −𝑦𝑦�)2

(8)

where R = Pearson correlation coefficient, 𝑥𝑥𝑖𝑖 = values of parameter x, 𝑥𝑥̅ = mean of the values of

parameter x, 𝑦𝑦𝑖𝑖 = values of parameter y, 𝑦𝑦𝑖𝑖 = mean of the values of parameter y. Figure 4.13
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graphically shows the correlations between two parameters (related to fresh property of 3D
printable concrete mixtures) at a time.

a) Apparent green strength vs flow diameter (30 minutes)

b) Apparent green strength vs Static yield

c) Apparent green strength vs Static yield

stress (30 minutes)

stress (60 minutes)

d) Static yield stress vs flow diameter

e) Static yield stress vs flow diameter

(0 minutes)

(15 minutes)
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f) Static yield stress vs flow diameter
(30 minutes)

g) Diff. in static yield stress vs Diff. in flow
diameter (up to 15 minutes)

Figure 4.13 Statistical correlations of fresh-state properties

From Fig. 4.13a, it is evident that flow diameter and apparent green strength exhibited
negative correlation. It is to be noted that concrete mixtures with low flowability (low flow
diameter values) are expected to resist higher compressive loads in the fresh state due to an increase
in stiffness of the mixtures and hence a negative correlation is justifiable. Fig. 4.13b and Fig. 4.13c
show a positive correlation between the apparent green strength and static yield stress at 30 minutes
and 60 minutes after mixing, respectively. An increase in the static yield stress of a concrete
mixture is expected to increase the stiffness of the mixture, which in turn is expected to increase
the compressive load bearing capacity. But, comparing the Pearson coefficient values between
Figures 4.13a and 4.13b, a lower correlation was obtained from the apparent green strength vs
static yield stress plot than the apparent green strength vs flow diameter plot. This is typically due
to a difference in the loading mechanism between the apparent green strength test and the stress
growth test (source of static yield stress data). While a displacement-controlled compressive load
was applied in the case of apparent green strength test, the stress growth test sheared the bulk
specimen through a four-bladed vane. From Fig. 4.13d, it is evident that the static yield stress and
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flow diameter immediately after mixing, resulted in the highest correlation among the results in
the current section. It is also to be noted that with an increase in the resting time after mixing
(Figures 4.13e and 4.13f), the correlation between static yield stress and flow diameter reduced.
This is typically due to a loss in sensitivity of the flow table test for stiffer mixtures. Again, a
difference in the loading mechanisms between the flow table test and the stress growth influenced
the correlation values (especially at 15 minutes and 30 minutes after mixing). While the flow table
test applied repetitive impact load to the specimen, the stress growth test sheared the bulk specimen
through a four-bladed vane. The influence of resting time on the stiffness of fresh concrete
specimens is better documented when the specimen is sheared internally (stress growth test) than
when an external load is applied (flow table test). This is also corroborated by Fig. 4.13g where
there was no justifiable correlation between the difference in static yield stresses and the difference
in flow diameters up to 15 minutes after mixing. Cho et al. suggested a poor correlation between
flow diameter and static yield stress owing to a difference in the loading mechanism [43]. Hence,
summarizing the correlations between the different techniques of fresh-property evaluation of 3D
printable concrete mixtures, apparent green strength and static yield stress cannot be used
interchangeably as fresh properties since they study resistance to different types of loading. Flow
diameter is a good indicator of static yield stress immediately after mixing but cannot be used to
monitor the thixotropic development of 3D printable concrete mixtures.

82

Chapter 5: Conclusions and Future Research
5.1 Concluding Remarks
The aim of this study was to investigate the behavior of rheological modifiers like nano-silica,
nano attapulgite clay and cellulose ether VMA in the fresh-state of 3D printable concrete mixtures.
The rheological techniques used in the investigation were: flow table test, time-based flowability
test, apparent green strength test, stress growth test and flow curve test. Since non-standard testing
techniques were employed in the study, the parameters of the tests were optimized based on the
materials used and available literature. From the apparent green strength test, apparent green
strength and elastic modulus were calculated for all the mixtures tested, up to 2 hours after mixing.
The stress growth test and flow curve test were performed using a vane-shear rotational rheometer.
While the stress growth test measured the static yield stress of the mixtures up to 1 hour after
mixing, the flow curve test measured the yield stress and plastic viscosity of the mixtures (through
Bingham model fit) immediately after mixing. Finally, statistical correlations were developed
among the different sets of rheological data obtained from the study. In addition to rheological
measurements, 28-day compressive and split tensile strength tests were also performed to study
the effect of rheological modifiers on hardened concrete. The results from the above-mentioned
investigations have been summarized below:
1) From the flow table tests and time-based flowability tests, the combined use of nanoadditives (nano-silica and nano attapulgite clay) and cellulose ether VMA, performed
better in terms of change in flow diameter over the first 15 minutes, than when they were
used separately as rheological modifiers.
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2) Nano-silica and nano attapulgite clay were both instrumental in enhancing the thixotropic
behavior of fresh 3D printable concrete mixtures. Their use in conjunction with cellulose
ether VMA was more effective than when they were used as the sole rheological modifier.
The use of nano-silica as the only rheological modifier contributed to the brittleness of the
specimens (mixture 1NS) while the use of nano attapulgite clay as the only rheological
modifier had negligible effect on the flowability and the stiffness of the mixture.
3) Based on results from the apparent green strength test, 1.5NC-1VMA was the stiffest
mixture with the highest apparent green strength. The addition of nano-silica to the
concrete mixture resulted in an increased brittleness, contributing to the formation of a
shear plane during failure and slip along the plane. The addition of Air Entraining
Admixtures (AEA) reduced the apparent green strength.
4) Based on results from the apparent green strength test and calculations of apparent elastic
moduli, 1NS had the highest apparent elastic modulus up to 2 hours after mixing.
5) From the stress growth test results, 1.5NC-1VMA exhibited the highest static yield stress
while the control mixture exhibited the lowest static yield stress. These two mixtures were
not fit for concrete 3D printing applications based on static yield stress recommendations
(see Table 2.2). Considering 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 as a quantifying parameter for thixotropic behavior,
1NS exhibited the highest value of 𝐴𝐴𝑡𝑡ℎ𝑖𝑖𝑖𝑖 .

6) From the flow curve test results, the addition of VMA to the control mixture increased the
plastic viscosity while the addition of nano-silica reduced the plastic viscosity. Results for
1.5NC-1VMA were not considered owing to the effects of particle migration and plug flow.
The addition of Air Entraining Admixture (AEA) to 1NC-0.5VMA increased the plastic
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viscosity, which was possibly governed by the formation of air bubble bridges in fresh
concrete suspensions, as explained by Struble and Jiang [83].
7) Considering the results from the 28-day compressive and tensile strength tests, the addition
of nano-silica to the control mixture increased the compressive strength but reduced the
tensile strength. Visual analysis of the split surface of 1NS specimens revealed the presence
of air bubbles across the surface, reducing the tensile strength. The addition of cellulose
ether VMA and nano attapulgite clay reduced the compressive and tensile strength, owing
to possible interference in hydration mechanisms.
8) The method used to study the apparent green strength was suitable for 3D printable
concrete mixtures, but only up to a flow diameter value of 170 mm. For further fluidic 3D
printable mixtures, the method used in the current study proposes significant challenges
with specimen demolding, causing thixotropic breakdown.
9) From correlations developed based on the rheological data obtained in the study, flow
diameter from the flow table test and static yield stress immediately after mixing had the
highest value of Pearson correlation coefficient (0.8). Further assessments are necessary
for the flow table test to qualify as an in-situ indicator of quantitative concrete rheology
and thixotropy. Generally, high correlations were not expected among the different testing
techniques, owing to differences in the mechanism of load application.
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5.2 Recommendations for future work
The current study provided a comprehensive assessment of the rheological behavior of nanosilica, nano attapulgite clay and cellulose ether VMA as rheological modifers, through different
testing techniques. However, further study and assessments are necessary to develop a holistic
understanding of the fresh-state behavior of 3D printable concrete mixtures. The recommendations
for future work are as follows:
1) It is necessary to perform nano-scale studies and characterization related to the influence
of nano-silica and nano attapulgite clay on the rheology of 3D printable concrete mixtures.
This would shed further light on the governing mechanisms of thixotropic development.
Also, further work is recommended to study the interactions between the nano-additives
and cellulose ether VMA.
2) Related to the apparent green strength test, it is necessary to develop circumferential
sensors which would measure the horizontal displacement. This would ensure the
generation of actual stress data. Techniques like Digital Image Correlation (DIC) are useful
but they can only read displacements in two dimensions.
3) Considering the existing variability in rheological testing protocols, there is a dire need to
develop standard testing techniques which will increase the comparability of results among
different laboratories around the world.
4) It is necessary to develop performance standards of 3D printable concrete mixtures in terms
of fresh-state behavior, hardened properties, interlayer adhesion and others. Since there
exists significant variability in the types of printers used, performance standards would
ensure quality control of 3D printed structures, increasing market penetration.
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5) While attempts were made in this study to develop an in-situ thixotropic quantification
technique, the time-based flowability test showed poor correlation with rheometric data.
Further work is needed to develop in-situ thixotropic quantification techniques, in the
absence of a rheometer. This would enable on-field rheological quality assurance during a
concrete 3D printing job.
6) For broader conclusions related to the optimized dosage of rheological modifiers, further
comprehensive tests are necessary. The base mixture design affects the optimum dosage of
rheological modifiers.
7) Kruger [40] suggested a bilinear increase of static yield stress with time but further
assessments are necessary to determine the nature of bilinearity and the point of change of
slope in the curve. Also, the model is yet to be verified for rheological modifiers other than
nano-silica and cellulose ether VMA.
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Appendices
Appendix A: Base Mixture Design
The base mixture design was developed in accordance to shape stability under self-weight.
Immediately after mixing, the concrete mixture was loaded into a trapezoidal mold (as outlined in
ASTM C230 [41]) with a bottom diameter of 100 mm, top diameter of 70 mm and height of 50
mm. The mixture was filled in two layers with 20 hits by a tamping road after each layer and
finished off with a trowel. The mold was lifted after 1 minute of filling in the mixture. Table A.1
shows the mixture design for the first trial [40]. Figure A.1 shows the specimen after lifting the
mold.
Table A.1 Mixture design for trial 1

Sand

GU cement

Class F Fly

Silica Fume

Water

Superplasticizer

(kg/m3)

(kg/m3)

Ash (kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

1167

579

165

83

261

12.24

Figure A.1 Specimen of trial 1, after lifting the mold
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It is to be noted that there was no visible shape stability for the specimen of trial 1. The
mixture readily started flowing after lifting the mold.
The mixture from trial 1 was modified in order to improve shape stability. Table A.2 shows
the mixture design for the second trial. Figure A.2 shows the specimen of trial 2 after lifting the
mold.
Table A.2 Mixture design for trial 2
Sand

GU cement

Class F Fly

Silica Fume

Water

Superplasticizer

(kg/m3)

(kg/m3)

Ash (kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

1167

579

165

83

202.65

4.7

Figure A.2 Specimen of trial 2, after lifting the mold

For trial 2, the specimen showed better shape stability but the mixture was not cohesive and
was granular which clearly indicated a very low water-to-binder ratio and possibly a low
superplasticizer content.
Based on the performance of the mixture from trial 2, modifications were made to the mixture
design. The water-to-binder ratio in trial 3 was 0.28 and the superplasticizer content was increased
100

to 12.24 kg/m3. In order to balance the effect of an increase in water-to-binder ratio and an increase
in superplasticizer content, the quantity of fly ash in the mixture was reduced while the quantity
of silica fume was increased. Table A.3 shows the mixture design for trial 3 while Figure A.3
shows the specimen of trial 3 after lifting the mold.

Table A.3 Mixture design for trial 3

Sand

GU cement

Class F Fly

Silica Fume

Water

Superplasticizer

(kg/m3)

(kg/m3)

Ash (kg/m3)

(kg/m3)

(kg/m3)

(kg/m3)

1167

579

128.2

128.2

232.6

12.24

Figure A.3 Specimen of trial 3, after lifting the mold
Owing to its shape stability under self-weight, trial 3 was considered to be the base mixture for the
current study.
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Appendix B: Apparent Green Strength Data
Three replicates were considered for each apparent green strength test. Apparent stressvertical strain plots that were affected by machine and specimen eccentricity were not considered.
For all the plots below, the thin dotted curves represent the trials conducted for identical mixture
and resting time, while the thick solid curves represent the average curve of the considered trials,
used for quantitative analysis in the current study.

a) 30 min.

c) 90 min.

b) 60 min.

d) 120 min.

Figure B.1 Apparent stress vs vertical strain curves for 1VMA
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a) 30 min.

b) 60 min.

c) 90 min.

d) 120 min.

Figure B.2 Apparent stress vs vertical strain curves for 1NS

a) 30 min.

b) 60 min.
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c) 90 min.

d) 120 min.

Figure B.3 Apparent stress vs vertical strain curves for 0.5NS-0.5VMA

a) 30 min.

b) 60 min.

c) 90 min.

d) 120 min.

Figure B.4 Apparent stress vs vertical strain curves for 1NC-0.5VMA
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a) 30 min.

b) 60 min.

c) 90 min.

d) 120 min.

Figure B.5 Apparent stress vs vertical strain curves for 1.5NC-1VMA

a) 30 min.

b) 60 min.
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c) 90 min.

d) 120 min.

Figure B.6 Apparent stress vs vertical strain curves for 1NC-0.5VMA-0.15AEA

a) 30 min.

b) 60 min.

c) 90 min.

d) 120 min.

Figure B.7 Apparent stress vs vertical strain curves for 1NC-0.5VMA-0.3AEA
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In Figure B.6d, only 1 trial was considered owing to uncharacteristic curves in the rest of the
trials. This was typically due to the addition of Air Entraining Admixture (AEA) to the control
mixture. Also, since the fresh cylindrical specimens were not vibrated prior to testing, an eccentric
distribution of air bubbles could have occurred, leading to uncharacteristic behavior under uniaxial
compression. Similar issues were also noticeable in most cases for air-entrained 3D printable
concrete mixtures. Figure B.8 shows a sample of such apparent stress-vertical strain curves which
were not included in the current study.

a) 1NC-0.5VMA-0.15AEA (Trial 2 – 120 min.)

b) 1NC-0.5VMA-0.15AEA (Trial 3 – 120 min.)

Figure B.8 Sample uncharacteristic plots for air-entrained 3D printable mixtures
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Appendix C: Repeatability Verification for Stress Growth Test
The repeatability of the stress growth test was verified for two mixtures (control and 1NC0.5VMA) for 5 intervals after mixing. The figures are as shown below for 2 trials considered.

a) 5 min.

b) 15 min.

c) 30 min.

d) 45 min.

e) 60 min.
Figure C.1 Shear stress vs time for control mixture
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a) 5 min.

b) 15 min.

c) 30 min.

d) 45 min.

e) 60 min.
Figure C.2 Shear stress vs time for 1NC-0.5VMA mixture
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Appendix D: Stress Growth Test Data
Table D.1 shows the static yield stress data at 5 time intervals for all the mixtures tested, while
Table D.2 shows the corresponding Roussel’s model predictions obtained from fitting Roussel’s
model to the experimental data points. Table D.3 shows the error percentage in the predicted static
yield stress compared to the experimental yield stress.
Table D.1 Experimental static yield stress data [Pa]

Resting Control 1VMA

1NS

time

0.5NS-

1NC-

1.5NC- 1NC-

0.5VMA 0.5VMA 1VMA

[min.]

1NC-

0.5VMA- 0.5VMA0.15AEA

0.3AEA

5

673

3383

3079

1555

2786

9324

1927

2268

15

747

3504

4547

2921

3772

11480

2606

3060

30

956

4650

5791

2980

4426

12232

3020

3510

45

1184

6267

7430

4062

5207

13599

3972.54

4995.29

60

1242

6869

8722

4512

6285

15254

4630

5656

Table D.2 Static yield stress predictions from Roussel’s model [Pa]

Resting Control 1VMA

1NS

time

0.5NS-

1NC-

1.5NC-

0.5VMA 0.5VMA 1VMA

[min.]

1NC-

1NC-

0.5VMA- 0.5VMA0.15AEA

0.3AEA

5

668

2815

2849

1727

2696

9375

1792

2026

15

780

3812

4303

2413

3537

10799

2459

2902

30

949

4865

5813

3156

4435

12280

3183

3835

45

1118

5917

7324

3899

5333

13760

3907

4768

60

1287

6970

8834

4642

6231

15240

4630

5701
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Table D.3 Prediction error percentage (%) for Roussel’s model

Resting Control 1VMA

1NS

time

0.5NS-

1NC-

1.5NC-

0.5VMA 0.5VMA 1VMA

[min.]

1NC-

1NC-

0.5VMA-

0.5VMA-

0.15AEA

0.3AEA

5

0.76

16.78

7.48

11.07

3.26

0.55

7.02

10.66

15

4.39

8.77

5.37

17.38

6.22

5.93

5.66

5.14

30

0.74

4.61

0.38

5.92

0.21

0.39

5.41

9.28

45

5.57

5.57

1.43

4.00

2.43

1.18

1.66

4.55

60

3.63

1.47

1.28

2.88

0.85

0.09

0.02

0.80
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Appendix E: Repeatability Verification for Flow Curve Test
The repeatability of the flow curve test was verified based on 3 different mixtures: 1VMA, 1NC0.5VMA-0.15AEA, and 1NC-0.5VMA-0.3AEA. Figure E.1 shows the shear stress vs time curve
for the aforementioned mixtures. Please note that the measurements started from the first step of
the protocol and not the pre-shearing and the resting stage. Hence, 0 second indicates the point of
start of the test (stepped protocol).

a) 1VMA

b) 1NC-0.5VMA-0.15AEA

c) 1NC-0.5VMA-0.15AEA
Figure E.1 Verification of repeatability for flow curve test
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