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ARTICLE INFO ABSTRACT

In 3D concrete printing (3DCP), it is necessary to meet contradicting rheological requirements: high fluidity
during pumping and extrusion, and high stability and viscosity at rest to build the layered structure. In this
paper, the impact of the hydroxypropyl methylcellulose (HPMC)-based viscosity-modifying admixture (VMA) on
the 3D printability and mechanical performance of a limestone and calcined clay based cementitious material is
investigated. A combination of VMA and superplasticizer was used for that purpose. In this case, controlling the
competitive effects between VMA and superplasticizer becomes critical. The main strategy for 3D printing in this
study was to add an optimal dosage of VMA in the solid suspension that was already mixed with water and
superplasticizer. A lab-scale 3DCP setup was developed and demonstrated as well. A series of tests was per-
formed to characterize the effects of VMA on flowability, extrudability, open time, buildability, green strength,
hydration, compressive strength, and air void content and distribution. Experiments performed in this study
showed that the mixture containing 0.24% (of the binder mass) of VMA exhibited satisfactory 3D printability
and optimal mechanical performance. Finally, the results, limitations, and perspectives of the current research
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were discussed.

1. Introduction

Additive manufacturing (AM) has been developing rapidly in dif-
ferent fields of science and engineering in the past few decades [1,2].
American Society for Testing and Materials (ASTM F2792-10 [3]) de-
fines AM as “a layer-based process of joining materials to fabricate
objects based on 3D model data”. AM technologies have become a daily
routine in many industries [2,4], e.g., aerospace, biomedical, and food,
among others [4]. In the construction industry, AM of concrete is a
natural choice, since concrete is the most widely used construction
material worldwide. 3D concrete printing (3DCP), or digital concrete
construction, has been under development for the past 20 years with an
increasing rate of research and application [5]. Currently, two major
3DCP technologies are under development: extrusion-based and selec-
tive binding methods [6,7]. This article focuses on extrusion-based
3DCP. Many companies, such as Contour Crafting, XtreeE, CyBe, Apis
Cor, WinSun, and others, attempted to implement extrusion-based
3DCP in practice [8], showing the potential of this technology.

Development of extrusion-based 3DCP could bring massive benefits

* Corresponding author.

to building and construction projects. As illustrated by [5,9,10], ex-
trusion-based 3DCP can eliminate the need for formwork, reduce the
required cost and time of construction, increase the safety of con-
struction site and flexibility of architectural design. However, as men-
tioned by Wangler et al. [11], a relatively high cement content in the
mix design of digital concrete is needed to satisfy the rheological re-
quirements during the manufacturing process, neutralizes the benefit of
material-efficient designs. For extrusion-based 3DCP, most proposed
mixtures contain larger quantities of ordinary Portland cement (OPC)
than typical conventionally cast concrete [6,12-14] with similar me-
chanical performance. It is clear that for 3DCP techniques to become an
alternative to current practices, sustainable binders must be developed
that are technically capable yet do not compromise sustainability. As
the technology matures, researchers now need to develop sustainable
cementitious materials by replacing part of OPC with supplementary
cementitious materials (SCMs) for extrusion-3DCP. Many common
SCMs, such as fly ash, silica fume, and blast-furnace slag, have been
involved in many sustainable and 3D printable concrete proposals (see
[7-9,15-171). However, these SCMs are gradually being depleted, and
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we need to look for alternatives.

The limitations of widely utilizing those common SCMs in conven-
tional concrete have been discussed by Scrivener et al. [18]. The au-
thors point out that limestone and calcined clay cement is an appro-
priate solution for developing sustainable concrete in the longer term.
Using calcined clay, especially when clays with a lower kaolinite con-
tent (referred as low-grade calcined clay in this paper) are used, in
concrete shows remarkable advantages, including: (1) lower CO,
emissions during the production of calcined clay (about 0.3 kg of CO,
per kg of calcined clay) [18,19]; (2) worldwide abundance [18,20,21];
(3) comparable early-age strength [13,22,23]; (4) capillary porosity
refinement due to the pozzolanic reaction [20,21,24,25]; (5) lower cost
[19,26]. Note that, at present, the benefits of using calcined clay in
printable concrete might not be that significant since 3DCP is not
widely used yet. Nevertheless, given the potential of 3DCP technology,
it is worthwhile to provide a more sustainable and economical option
for 3DCP. Chen et al. [6] reported that it is possible to develop 3D
printable limestone and calcined clay-based cementitious materials.
Previous studies [13,27] have looked into the extrudability of several
mixtures based on ternary blends (OPC, limestone, and calcined clay)
using a ram extruder. However, to our knowledge, a systematic in-
vestigation of mix designs and fresh state behaviors of limestone and
calcined clay-based cementitious materials for extrusion-based 3DCP
has not been performed to date.

The main challenge behind developing 3D printable cementitious
materials is to engineer specific fresh properties that will allow for
extrusion-based printing. In comparison with cast concrete, the lack of
formwork to provide the dimensional stability of fresh materials during
the printing process is the main reason for this challenge. Therefore, the
fresh mixtures must exhibit low-slump and high-thixotropy to be used
in concrete 3D printing [15,28]. Many studies [7,9,11,15,28] have
targeted to explore the fresh state behaviors of printable cementitious
materials, including extrudability, open time, and buildability. Le et al.
[9] proposed a series of tests to develop a high-performance fiber-re-
inforced cementitious material for 3DCP. Kazemian et al. [29] de-
monstrated several methods to evaluate the printing quality and shape
stability of fresh mixtures. Ma et al. [15] utilized existing test methods
to find the optimal mix design of concrete containing copper tailings for
3DCP. Recently, new test methods for quantifying and evaluating the
fresh properties of 3D printable cementitious materials have been de-
veloped [8,30-34].

It seems paradoxical to expect 3D printable cementitious materials
to show proper extrudability and buildability at the same time [35]. A
balance between sufficient flowability for extrusion and high green
strength after deposition must be found [16,36]. Different performances
of fresh mixtures under dynamic and static conditions could be attrib-
uted to rheology and thixotropy of cementitious materials. Roussel [37]
summarized the required rheological properties of cementitious mate-
rials for 3DCP. In general, rheology of concrete depends on the mix
design, which is related to volumetric and compositional features
(presence of cement, filler, and SCMs) of the binder system, particle
shape, content and aggregate gradation, as well as the water to binder
ratio [6,12,36]. Furthermore, admixtures, such as superplasticizers,
viscosity modifiers, and accelerators, could be employed to tailor the
rheological performance [36].

Many printable mixtures developed earlier [8,13,27,29,38] con-
tained both superplasticizer and viscosity-modifying admixture (VMA).
Superplasticizer in cementitious materials could contribute to in-
creasing flowability at a constant solids content for facilitating the
casting, pumping, and extrusion in 3DCP [36]. A small dosage of VMA
has been used to replace the fine content (fly ash, silica fume, or
limestone) in self-compacting concrete [39] in order to enhance cohe-
sion, stability, and viscosity [40]. Previous studies [27,38,41] have
demonstrated that addition of VMA could significantly improve the
printability of solid suspensions through adjusting the yield stress and
plastic viscosity. As explained by Reiter et al. [30], VMA could enhance
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flocculation of cement grains through providing more contacts and
bridges between cement particles, which will promote the evolution of
green strength for the deposited layers. VMA can also ensure extrud-
ability since it reduces water drainage of the cementitious materials
[38,42].

Hydroxypropyl methylcellulose (HPMC) is one of the most wide-
spread cellulose-derivative VMAs applied in practice [43]. Many studies
have attempted to utilize a combination of HPMC and superplasticizer
to develop printable cementitious materials [8,29,31,38,44]. However,
most of them overlook the fact that the HPMC could compete with
superplasticizer to adsorb onto cement or other fine particles, thereby
affecting the dispersion of superplasticizer. Besides, the competitive
effects between HPMC and superplasticizer in a suspension may in-
crease the yield stress and apparent viscosity, which will result in a
significant increase in extrusion pressure. This impact may be suitable
for buildability, whereas it adversely affects extrudability. The dosage
of VMA becomes very critical in this context. Therefore, this paper
proposes a strategy to utilize the HPMC-based VMA for developing
limestone and calcined clay-based printable cementitious materials,
specifically, by adding an optimal dosage of VMA in the fresh mixture.
For developing printable cementitious materials in the laboratory, a
lab-scale 3DCP setup was also demonstrated. A series of tests were
conducted to investigate the effects of VMA dosages on the fresh state
behavior of 3DCP, including flowability, extrudability, open time,
buildability, and green strength. Furthermore, the impacts on the hy-
dration, mechanical performance, and air void content were de-
termined via isothermal calorimetry, compressive strength (7 days)
testing, and X-ray computed tomography (CT) scanning. Finally, a
discussion of the obtained results, including the limitations and per-
spectives of the current research is presented.

2. Material and methods
2.1. Raw materials and fresh mixture preparation

Primary cementitious materials used in this study were CEM I 52.5R
Portland cement, limestone powder, and low-grade calcined clay. The
low-grade calcined clay was manufactured by flash calcination of 50%
kaolinite clay from Argeco, France, and contains 40-50 wt% of meta-
kaolin. The chemical composition of raw materials was obtained by X-
ray fluorescence spectrometry (XRF) (see Table 1). Fig. 1 gives X-ray
diffraction (XRD) patterns of CEM I 52.5R Portland cement, limestone
powder, and low-grade calcined clay. XRD was conducted on a Phi-
lipsPW1830 powder X-ray diffractometer, with Cu-Ka radiation oper-
ated at 45 kV and 40 mA, for 26 values between 5° and 75°. The broad
shallow hump appeared at 15-30° 26 in low-grade calcined clay in-
dicated the presence of amorphous phases. Besides, many crystalline
phases like mullite (3A1,05-25i05), kaolinite (Al,032Si0,2H,0), and
quartz (SiO,) were found in low-grade calcined clay. CEM I 52.5R
Portland cement was mainly composed of alite (3Ca0-SiO,), belite
(2Ca0Si0,), tricalcium aluminate (3CaO-Al;03) and gypsum

Table 1
The chemical composition of binder materials, determined by XRF (wt%).
Based on internal standards.

Oxide (wt%) CEM I52.5R Portland  Limestone powder  Low-grade calcined

cement clay
CaO 68.7 39.6 0.6
SiO, 17.4 0.2 55.1
AlO3 4.1 0 38.4
Fe,03 2.8 0.1 2.6
K,0 0.6 0 0.2
TiO, 0.3 0 1.1
ZrO, 0 0 0.1
Other 6.1 60.1 1.9
Total 100.0 100.0 100.0
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Fig. 1. XRD analysis results: (a) Low-grade calcined clay; (b) CEM I 52.5R
Portland cement; (c) Limestone powder. M-mullite, Q-quartz, K-kaolinite, G-
gypsum, CsS-alite, C3A-tricalcium aluminate, C-calcite.

(CaSO42H,0). Calcite (CaCO3) was the primary phase found in the
limestone powder. According to our earlier study [13], the contents of
the reactive SiO, and Al,0O3 in low-grade calcined clay were determined
by a chemical dissolution method, and about 48.8 wt% of the amor-
phous part was found. The molar mass ratio of Si/Al in the reactive part
was 0.33. Due to the size limitation of the pump-hose-nozzle system,
quartz sand with a maximum diameter of 2 mm was used as aggregate
in this study. The cumulative particle size distribution of all dry com-
ponents is given in Fig. 2.

As stated by Marchon et al. [45] and Lei and Plank [46], the
swelling clay-like montmorillonite could consume a large amount of
“standard” polycarboxylate ether (PCE)-based superplasticizers which
has a conventional polyethylene glycol (PEG) side chain. However, for
the non-swelling clay, such as kaolinite, muscovite, and mica, there is
no severe impact on the performance of “standard” PCE-based super-
plasticizers. Therefore, a PCE-based superplasticizer (MasterGle-
nium®51, BASF) was selected in this study.

To modify the cohesion, viscosity, and water-retaining properties, a
hydroxypropyl methylcellulose (HPMC)-based viscosity-modifying ad-
mixture (VMA) in powder form was used. It was supplied by Shanghai
Ying Jia Industrial Development Co., Ltd. The viscosity of HPMC was

100 -
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reported by the manufacturer as 201,000 mPa.s. Previous studies have
demonstrated the compatibility of cellulose-derivative VMAs with PCE-
based superplasticizer [47,48]. However, the competitive adsorption
between HPMC and PCE cannot be avoided when both of them are
present in the solid suspension. As stated by Palacios and Flatt [48], the
addition of cellulose-derived VMAs could increase the plastic viscosity
and yield stress with a fixed percentage of superplasticizer.

The mix designs developed by the authors [27] are presented in
Table 2. In the current study, all mixture compositions were kept
identical except the VMA dosage, which varied from 0 to 0.48% by
mass of binder. The binder, which amounted to about 35.5 wt% of the
total mass in all mixtures, contained 40 wt% of Portland cement
(331 kg/m®), 40 wt% of low-grade calcined clay and 20 wt% of lime-
stone. Binder to sand ratio (B/S) was selected as 2/3, in accordance
with previous studies [13,27]. After a series of trial and error tests, w/b
of 0.3 and 2% of the binder mass of PCE, which could ensure sufficient
workability, was selected. The fresh mixtures were prepared using a
planetary mixer (HOBART) by following the procedures given in Fig. 3.
There were two tracks of the material preparation. Track 1 provided
specific steps for the mixture Ref. The mixtures containing VMA were
prepared following track 2. The time zero (T = 0 min) was defined as
the moment when the suspension (water and PCE) was added to the dry
mixture.

2.2. Lab-scale 3D concrete printing setup

A lab-scale 3DCP setup was designed and assembled at the Delft
University of Technology. As shown in Fig. 4 (a), this system comprises
three main parts: a three-degree of freedom Computer Numerical
Control (CNC) machine, a controller (containing a computer), and an
extrusion system. The CNC machine, which is operated by the con-
troller, operates within an area of 1100 mm (Length), 720 mm (Width),
and 290 mm (Height) frame. Step-motors are employed to ensure the
high precision of movement in different axes. The core component of
the extrusion system is a commercial PFT Swing-M conveying pump
that is a rotor-stator configuration. Fig. 4 (b) gives the schematic dia-
gram of the conveying pump, which includes three parts: a hopper
(volume: 38 L), a rotor as well as an extruder with a barrel and a die. A
PFT hose with an inner diameter of 25 mm and a length of 5 m is used
to connect the die with the conveying pump. A nozzle with a rectan-
gular opening (40 X 13.5 mm?) is connected with the hose and
mounted on the end part of the z-axis. This extrusion system is based on
the laminar flow printing mechanism. The moving speed of the printing
nozzle (nozzle moving speed) can be adjusted between 0 mm/s and
120 mm/s.

Fig. 2. The particle size distribution of all dry components
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|
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Table 2
Mix designs of cementitious materials (% of the binder mass).
Type Binder Sand Water PCE VMA
CEM I 52.5R Portland cement (wt%) Low-grade calcined clay (wt%) Limestone powder (wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Ref 40 40 20 150 30 2 0
1.2VMA 40 40 20 150 30 2 0.14
2VMA 40 40 20 150 30 2 0.24
4VMA 40 40 20 150 30 2 0.48
Track 1
T=-4 min » T=0 min > T=2 MiN ————p
1. Homogenizing 2. Add the liquid 3. Pause, 4. Stop, start to
dry components, (water and scraping the test.
mixing with low superplasticizer). bottom of bowl.
speed by a
planetary mixer
(HOBART).
+VMA
— T=3.5 min — !

Track2 4. Pause, add

5. Pause,

VMA. Then, scraping the walls
mixing with low and blade (A
speed. dough-like mixture

is generated).
Then, mixing with
high speed.

Fig. 3. Mixing procedure for the fresh mixture preparation.

6. Mixing with
high speed until
the dough-like

material adhere to

the walls of the
bowl. Stop, start

to test.

Hopper Mortar pressure gauge

D=25 mm

Rotor

300 mm i
T

Material Hose

240 mm

Barrel & Die

Fig. 4. (a) The 3DCP setup (CNC machine, conveying pump and nozzle) at Delft University of Technology; (b) Schematic diagram of PFT Swing-M conveying pump.
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2.3. Test procedures

2.3.1. Flowability test

Slump and slump flow tests were carried out to observe flowability
changes of different mixtures after different resting times. The slump
flow test was performed in accordance with ASTM C1437-15 [49]. A
mini-cone mold with an upper internal diameter of 70 mm, a bottom
internal diameter of 100 mm, and a height of 60 mm was used in this
test. Before the test, the interior surface of the mold was lubricated by
mold oil. One half of the mold was filled by the fresh mixture, and then
the fresh mixture was agitated using a timber stick about 20 times. The
same procedure was repeated for the second half of the mold. The ex-
cess material was slowly scraped off by a trowel. After removal of the
mold, the height of the sample was measured. For the Ref mixture, the
average diameter before dropping was measured instead of the height.
Afterwards, the table was dropped 25 times within 25 s. The spread
diameter was recorded through the measurement of four perpendicular
directions. For each mixture, this test was performed for each material
age from 10 min to 120 min, with intervals of 10 min. The fresh ma-
terials were sealed in a plastic bag to prevent evaporation of water.
Three repetitions were conducted for each test.

2.3.2. Extrudability test

For extrudability, the fresh mixture should be delivered through the
nozzle continuously. The test was conducted on the 3DCP setup to
determine the relationship between material flow rates and extrusion
pressures for the mixtures containing VMA. 12 L of the fresh mixture
were prepared according to track 2 (see Fig. 3) and then poured into the
hopper of the pump. Different material flow rates (Q) were applied
through the controller of the pump. The pressures were recorded under
different material flow rates. The test was performed at the material age
of 10 min. According to Nerella et al. [7] and Tay et al. [50], the
printing quality is also influenced by the nozzle moving speed. The
linear material flow rate of a fresh mixture should be equal or larger
than the moving speed of the printhead to ensure continuous printing.
In this study, the nozzle moving speed was kept equal with the linear
flow rate of the materials (Q) that could be calculated through:

Q
Vinear = —
: A @

where Q and A represent the material flow rate (L/min) and the area of
the nozzle opening (mm?).

2.3.3. Open time test

Open time is defined as the time window of uninterrupted printing
operation of a given volume of a mixture. The test method has been
proposed in several earlier studies (see [15,51]). One filament (length:
800 mm and width: 40 mm) was printed at different material ages. The
material flow rate and the nozzle moving speed were kept identical to
the speeds of the extrudability test in Section 2.3.2. The test started at
the resting time of 30 min with a time gap of 10 min, and it was not
terminated until the disruption of filament occurred. To ensure that the
fresh mixture remained in the dynamic state, a pre-pumping/shearing
session was designed before printing the filament (see Fig. 5). Shape
retention was checked by measuring the width of the printed segments
using a vernier caliper. The shape retention ratio (S;) was introduced by
Bong et al. [51] and Panda et al. [52] as:

“/f
W (2)
where Wy is the measured width of the extruded filament, and W, is the

width of the nozzle opening. The closer the value of S; to 1, the better
the shape retention.

2.3.4. Buildability test
Due to the absence of formwork in the 3DCP process, the extruded

Cement and Concrete Research 132 (2020) 106040
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Fig. 5. Stages of a typical trial for printing a single filament.

cementitious filaments should have the ability to retain their shape
under the self-weight and the loading from upper layers [9,28,35,38].
In this research, the assessment of buildability was based on the layer
settlement test from Kazemian et al. [29]. One object containing five
stacked layers was printed at a fixed time interval of about 40s. The
nozzle standoff distance was kept as 0 mm during printing, which could
ensure the same layer thickness of 13.5 mm. The five-layer object was
designed to have 900 mm in length, 40 mm in width, and 67.5 mm in
height. The test started at the material age of 30 min and finished be-
fore the end of open time. The printing speed (material flow rate and
nozzle moving speed) was kept the same as the operation speeds used in
extrudability and open time tests. The height of deposited layers (H)
was measured to calculate the shape stability ratio (S,) through:

=0 ®)

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

2.3.5. Green strength test

The green strength test was performed to determine the strength
development within the first 4 h for the mixtures incorporating VMA.
The test procedure was the same as in the previous studies of the au-
thors [13,53]. The fresh mixtures were prepared and then poured into
cylindrical molds with a 33.5 mm internal diameter and 67.5 mm
height. A silicon spray was initially used to coat the molds before filling
the fresh mortar. All samples were compacted on a vibration table at a
frequency of 30 Hz for 10s to reduce the amount of air bubbles. The
samples were then stored in a sealed plastic bag and demolded right
before the green strength testing. The Instron universal testing machine
(8872), equipped with a 10 kN load cell, was used to perform the green
strength tests. Both sides of a sample were covered by a double layer
plastic film. In order to reduce the friction between the sample and base
plates, Polytetrafluoroethylene was sprayed between two layers of
plastic. The tests were performed using displacement control with a rate
of 0.2 mm/s until reaching the maximum displacement of 20 mm. The
entire test was recorded by a Canon camera model EOS 6D with a
Tamron aspherical 28-75 mm lens. Vertical and lateral deformations of
each sample were analyzed by a freeware image analysis software Im-
ageJ. A MATLAB-code presented in [13] was employed to measure the
change of cross-section of the sample. Each mixture was tested at the
ages of 30, 45, 60, 90, 150, and 240 min. Three repetitions were con-
ducted for each age. Table 3 provides the time specification of all fresh
property tests in this study.

2.3.6. Isothermal calorimetry test

An eight-channel TAM Air isothermal calorimeter was used to
measure the heat flow from all of the mixtures in this study. Each
channel contains two parallel cells, one for a testing vessel and the
other for a reference vessel. 20 ml glass vessels were employed for the
tested and reference samples. The reference vessel was filled with fine
sand, which has a similar specific heat capacity as the tested sample.
Each channel was an independent unit and was calibrated before
starting the tests. The aggregate portion of each mix was excluded.
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Table 3
Time specification of fresh property tests.
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Type Material age

Test duration (per time)

Flowability test
Extrudability test
Open time test
Buildability test
Green strength test

30 min

30 min
30, 45, 60, 90, 150, 240 min

10 min to 120 min (10 min of the time interval)

30 min to the terminated time (10 min of the time interval)

2-3 min
10 min
0.5-1 min
5 min

2 min

Before placing the samples, a baseline was recorded for about 30 min.
First, dry components were mixed manually with a blend of water and
superplasticizer for about 2 min. Then, the pre-weighed VMA was
added and dispersed in the suspension by mixing for 5 min. The samples
with the same mass (6 g) were filled in the glass vessel and immediately
moved into the calorimeter, which had been kept constantly at 20 °C.
Heat values from the reactions of each mixture were recorded every 20s
for a period of 168 h (7 days).

2.3.7. Compressive strength test

The printed samples were sawn from the printed object that was
manufactured in Section 2.3.4. Due to the anisotropic mechanical
properties of the printed mortar [10,54,55], the printed samples were
tested in X, Y, and Z direction (see Fig. 6), and the average value was
calculated through 5 repeated tests in each direction. Thus, for each
mixture, 15 printed samples were prepared and tested in total. The cast
samples of mixture Ref were also prepared and tested. All samples had a
dimension of 40 X 40 X 40 mm® and were cured in a fog room
(20 = 2 °C, 99% relative humidity). Compressive strength at 7 days
was measured conforming NEN-EN 196-1 [56] at a loading rate of 2.4
kN/s.

2.3.8. X-ray computed tomography scanning

X-ray computed tomography (CT) scanning was used to investigate
the air void content and distribution within samples printed using dif-
ferent mixtures. Small cylindrical samples with a 25 mm diameter and
24 mm height were drilled and sawn from the printed objects (From top
to bottom: the second and third layers were sawn from the cored sample
that contained 5 layers) in Section 2.3.4. A Phoenix Nanotom Micro CT-
Scanner was used for scanning. 1441 images were acquired on a digital
GE DXR detector (3072 x 2400 pixels). The theoretical spatial re-
solution was 13.3 x 13.3 x 13.3 um®/voxel. The reconstruction was
performed using the Phoenix Datos|x software. A cylindrical region of
interest (ROI), which was selected at the area of the two-layer interface,
was extracted from the sample for the air void analysis. The obtained

F F F

Z direction

Y direction

X direction

z
y ¢ X
Fig. 6. Schematic diagram of loading directions for performing the compressive
strength test on printed samples.
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Fig. 7. The slump flow test results of mixture Ref.

image stack with the top view of the cylindrical ROI was analyzed via
Trainable Weka Segmentation (TWS) from ImageJ (more information:
[41,57]). The air voids from each image were isolated and measured.

3. Results
3.1. Flowability

Fig. 7 shows the results of the slump flow test of mixture Ref at
different ages within the first 2 h. It could be recognized that the evi-
dent workability loss started after the resting time of 40 min. Between
50 min and 90 min, the spread diameter could still reach the value of
300 mm after the table dropped 25 times. However, after 90 min, a
notable reduction in flowability was observed, which was likely due to
the C-S-H bridges between particles forming a percolated rigid network
in the material, as suggested by Roussel et al. [58]. This network of
interacting particles is still fragile under a relatively high shear force.
However, the table dropping process may not be able to supply sulffi-
cient shear energy to break all these inter-particle connections [37,58].

Fig. 8 provides the results of the slump and slump flow tests at
different ages within the first 2 h. After a specific resting time, in-
creasing the VMA dosage in the mixture could contribute to retaining
the shape and height of the demolded sample. Mixture 4VMA showed
nearly zero-slump (Fig. 8 (a)). All mixtures demonstrated enhanced
shape stability with time. Compared with mixture 1.2VMA, mixture
2VMA presented slightly better shape retention before the age of
90 min. As shown in Fig. 8 (b), the spread diameter of all mixtures
decreases with time. Thus, the workability of fresh mixtures decreases
with increasing the resting time, which could be attributed to the gra-
dual development of stiffness of the fresh mixture. Mixtures 1.2VMA
and 2VMA demonstrated larger spread diameter at any specific age
compared with mixture 4VMA. The effects on fluidity were not ap-
parent when increasing the dosage of VMA from 0.14% to 0.24%.
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Fig. 8. Flowability test results of mixtures with different VMA contents: (a) Height (before dropping the table) and (b) Spread diameters (after dropping the table for

25 times) of demolded samples varied with different material ages.

However, once the VMA content reached 0.48%, the flowability of fresh
mixture was significantly reduced.

3.2. Extrudability

Fig. 9 shows the results of extrudability tests of mixtures 1.2VMA,
2VMA, and 4VMA. With the increase of material flow rate, all mixtures
lead to a larger extrusion pressure. A shear-thinning behavior for
mixtures 1.2VMA and 2VMA can be recognized. It is evident that the
mixture containing a higher dosage of VMA requires higher extrusion
pressure to reach a similar material flow rate compared to mixtures
containing lower dosages of VMA. A significant difference in extrusion
pressure between 4VMA and 2VMA is quite clear. Due to the limitation
of extrusion pressure (Maximum: 30 bar), mixture 4VMA could not be
conveyed with > 0.65 L/min of the material flow rate. The obtained
results agree well with the ram extruder test results from Chen et al.
[27]. The increased dosage of VMA could lead to the rise of the shear
yield stress and flow consistency, which result in higher extrusion
pressure. For mixtures 1.2VMA and 2VMA, a material flow rate of
1.45 L/min was selected to ensure the fresh mixture conveyed stable
and consistently without surface ruptures. The nozzle moving speed
was calculated according to Eq. (1) before performing the extrudability
test. Finally, the nozzle moving speed was selected as 2700 mm/min for
mixtures 1.2VMA and 2VMA and 1200 mm/min for mixture 4VMA.
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Fig. 9. The extrudability test results for mixtures 1.2VMA, 2VMA, and 4VMA.
1 bar = 0.1 MPa.
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Table 4
Open time of different mixtures.

Mixture Open time (min)
1.2VMA 90
2VMA 70
4VMA 50
3.3. Open time

Results of the open time test are presented in Table 4 and Fig. 10.
The filaments extruded at different ages were collected to demonstrate
the change of printing quality with time. The open time for mixture
4VMA with the printing speed V,; (material flow rate: 0.65 L/min;
nozzle moving speed: 1200 mm/min) was found to be 50 min. The open
time of 1.2VMA and 2VMA with the printing speed V), (material flow
rate: 1.45 L/min; nozzle moving speed: 2700 mm/min) was found to be
90 min and 70 min, respectively. Besides, the width changes of the
extruded filament with time are given in Fig. 11. Shape retention ratios
(S7), calculated using Eq. (2), were employed to describe the accuracy
of printing. Values of S; > 1 were observed at a relatively early age
since the fresh mixture showed low slump at the beginning. The ex-
truded filament was thus wider than the nozzle opening. When S; ap-
proached 1, the extruded filament presented a nearly accurate dimen-
sion. Values of S; < 1 were caused by two factors. First, with the time
passing, the material got stuck in the interior walls of the nozzle (see

(1) I I I
Designed Width = 40 mm
—

Fresh mixture

preparation

C

Designed Length
(2) =600 mm
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Fig. 12), which led to thinner filaments. Second, the rheology of fresh
mixtures was also changing with time due to the particle flocculation
and nucleation process. Once the real material flow rate became much
lower than the nozzle moving speed, the width of the filament was
reduced, and disruption occurred.

3.4. Buildability and green strength development

Mixtures 1.2VMA, 2VMA, and 4VMA were used to print a five-layer
object (see Fig. 13) with the time interval of 40s (between two sub-
sequent layers). The test session started at the material age of 30 min.
Fig. 14 illustrates that shape stability could be enhanced by increasing
the percentage of VMA from 0.14% to 0.48%. Mixture 4VMA showed
the optimal buildability, and the value of S, was close to 0.90. The
shape stability of mixture 2VMA was very close to that of mixture
4VMA and much better than mixture 1.2VMA. The deformation of a
sample printed using 1.2VMA was evidently larger than that of other
mixtures. Fig. 14 also demonstrates that the cross-section of printed
samples of 2VMA and 4VMA had similar bell shapes.

The green strength development within the first 4 h could be used as
an indicator of the proper structural build-up of the mixture. With the
help of ImageJ and a MATLAB code, the change of the cross-sectional
area was recorded. The average strain/true stress curves of mixtures
1.2VMA, 2VMA, and 4VMA from the age of 30 min to 240 min are given
in Fig. 15 (a)-(c). All curves for the 1.2VMA mixture showed a similar
pattern. It has been observed that the stress linearly increased with the
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Fig. 10. Open time test results: (1) mixture 1.2VMA; (2) mixture 2VMA; (3) mixture 4VMA.
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Fig. 11. Shape retention ratios of 1.2VMA, 2VMA, and 4VMA at different ages.

Fig. 12. The stiff material got stuck in the nozzle during the waiting period of
the open time test, which is one of the reasons to restrict the printed amount.

Height 48.8+0.8 mm (5 layers)

Height: 57.2+0.8 mm

(

growth of strain until to reach a certain plateau. For mixtures 2VMA
and 4VMA, the samples with younger ages (30 min — 90 min) showed
behavior similar to that of the mixture 1.2VMA, whereas older speci-
mens (150 min - 240 min) showed strain softening after the peak value.
Fig. 16 may explain this phenomenon. The samples with a resting time
from 30 min to 90 min failed with a barreling effect. Distinct cracks
could only be observed during testing of older samples (150 min —
240 min). This is in accordance with the published literature
[13,34,59]. In Fig. 15 (d), green strength of each test (defined as the
peak stress of each curve) is plotted. The average value of green
strength and the Young's modulus are summarized in Table 5. Young's
modulus was measured at 5% strain in this paper, as suggested by Wolfs
et al. [34]. The green strengths of mixtures 2VMA and 4VMA within the
first 4 h were quite close and much higher than mixture 1.2VMA.
Mixture 4VMA showed a slightly higher value compared with the
mixture 2VMA until the material age of 2.5 h.

3.5. Isothermal calorimetry

The normalized heat flow and cumulative heat results are given in
Fig. 17. The results are plotted up to 7 days (168 h). It was found that

5 Iayrs) Height: 59.2+0.6 mm (5 layers)

Fig. 13. Buildability tests of mixtures 1.2VMA, 2VMA, and 4VMA.



Y. Chen, et al.

0.90 T T

Cement and Concrete Research 132 (2020) 106040

Cross section of printed samples (5 layers)

0.88 —
0.86 —
0.84 —
0.82 —
0.80 —
0.78 —

0.76 4

Shape stability ratio (S,)

0.74 4

0.72 4 %

0.70 T

T from the buildability test

. 1.2VMA (0.14%)

i 2UMA (0.24%)

0.|24
VMA content (%)

0.14

T
0.48 : Z
4VMA (0.48%)

Fig. 14. Shape stability ratio of mixtures with different VMA contents (measured at 45 min of the resting time).

the normalized heat flow curve pattern of mixtures Ref, 1.2VMA,
2VMA, and 4VMA is almost the same in Fig. 17 (a). All of them showed
the main hydration peak after the dormant period, a shoulder (second
peak) that may be attributed to the depletion of sulfate, and a small
slope (third peak) due to the formation of AFm phases [60]. With the
increase of VMA dosage: (1) the reaction speed was slightly reduced in

1.2VMA
a
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o
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35 3
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g 00!
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w
w
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the acceleration stage; (2) the time at which the main hydration peak
occurs was delayed; (3) the intensity of the main hydration peak was
decreased; (4) the intensity of the second peak was decreased, and less
impact was observed on the third peak among mixtures containing
VMA. As shown in Fig. 17 (b), the highest cumulative heat was released
in mixture Ref, while the addition of VMA led to a decrease in the

2VMA

b
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Fig. 15. (a) The stress/strain curve of mixture 1.2VMA; (b) The stress/strain curve of mixture 2VMA; (c) The stress/strain curve of mixture 4VMA. The black dashed
lines indicate the individual test results, and the red curves represent the average stress and strain relation. (d) Comparison of green strength development of mixtures
1.2VMA, 2VMA, and 4VMA (error bars indicate standard deviation). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 16. Damaged samples of 2VMA at different
material ages.
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Fig. 18 (a) shows the extracted areas from the printed objects that o
. . . 3 z 100 -
were made in Section 2.3.4. for preparing 40 X 40 X 40 mm® samples.
The test results of printed samples are presented in Table 6 and eval- 50 +
uated by analysis of variance (ANOVA) at 5% significance level shown 0
. . . . T T T T T T T T T T T 1
in Table 7. The F-value of mixtures with different VMA content and 0 14 28 42 56 70 84 98 112 126 140 154 168
different testing directions (X, Y, Z) are much larger than their corre- .
. . ) o Time (h)
sponding F-critical values. The P-value in both sections is lower than
0.001. It means that both of them had a strong significance in the re- Fig. 17. Isothermal calorimetry test results: (a) Normalized heat flow with
sults. The ANOVA test confirms the statistical difference in the obtained time, and (b) Normalized cumulative heat with time.
results.
According to the test results shown in Fig. 18 (b), printed samples the result of isothermal calorimetry presented in Section 3.5.

for all mixtures were stronger in the loading direction Y compared to X
and Z directions (see Fig. 6). Similar compressive strength results of
printed cementitious materials were reported by [55,61-63]. The dis- 3.7. X-ray computed tomography
tinct mechanical anisotropy of printed samples might be due to the

weak interface and the printing quality. As explained by Panda et al. The grayscale images obtained from CT scanning are shown in
[63], the motion pattern of material in the printing process might be the Fig. 19 (a). In all mixtures, the majority of large air voids can be ob-
main reason for the anisotropic property. The direction Y is the same as served in the interface region. 800 images in ROI from top to the
the direction of printing. Compared to the other directions (X and Z), bottom of the cylindrical sample were selected to measure the 2D void
the particles in the Y direction might be better placed and compacted. content using ImageJ, and the results are given in Fig. 19 (b). Air voids
Besides, Nerella et al. [10] identified that the compaction due to the smaller than 5 pixels were neglected to avoid the effect of measurement
layer weight should also be taken into consideration for the variation of noise. According to Fig. 19 (a), the interface of the sample 1.2VMA in
compressive strength. Mixture 2VMA showed the best compressive the cross-section from the front view was of parabolic shape, unlike the
strength at 7 days in three different directions, compared with mixtures relatively straight line in samples 2VMA and 4VMA. This is confirmed
1.2VMA and 4VMA. However, the mixtures modified by VMA exhibited by the results presented in Fig. 19 (b). There are two peak values of
lower compressive strength than mixture Ref, which agrees well with sample 1.2VMA, which may be attributed to the weak buildability of
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Fig. 18. (a) Extracted areas from the printed samples for performing compressive strength tests. (b) Compressive strength at the age of 7 days.

Table 6

Compressive strength results of printed samples at 7 days.

Compressive strength at 7 days (MPa)

the 1.2VMA mixture. The severe layer deformation that occurred
during the printing process leads to the interface not being on the same
horizontal plane. This is also visible in Fig. 14.

Compared with samples 2VMA and 4VMA, sample 1.2VMA con-

X Y z tained a higher amount of relatively large air voids at the interface (see
Fig. 19 (c)). However, sample 4VMA showed the highest cumulative
1.2VMA 33.373 37.822 29.577 id d the interf Th ber of 1 ds i 1
34.507 38.506 32.459 void area around the inter ace. The number of large voids in sample
34.802 41.833 32.327 4VMA was not comparable with sample 1.2VMA based on visual in-
36.262 39.823 33.605 spection, whereas smaller pores were well-distributed in both the in-
35.693 42.37 28.756 terface and the printed layers. Due to the limits in extrusion pressure, a
2VMA 35.968 49.507 44,968 . . .
26.903 45927 44574 lower printing speed was used for printing the sample of mixture
42.804 45.955 43.962 4VMA. The extruded filament of mixture 4VMA could therefore be less
38.616 49.078 44.455 compacted than the others. Besides, many air voids remained and sta-
38.485 41.717 44.511 bilized in the highly viscous cementitious materials during the mixing
4VMA ;"307 ig'g; ;f'gzi process [41,64]. That could be one of the reasons for the porous
29.63 30.519 26.547 structure of the printed samI.Jle of mixture fWMA in Fig. 19 (a). ’
21.206 27.659 27.545 Overall, the sample of mixture 2VMA displayed the densest micro-
25.971 25.991 23.277 structure and the smallest void content among all studied mixtures,
which could explain why mixture 2VMA showed the highest compres-
sive strength at 7 days (Section 3.6). However, it should be clarified
Table 7
Analysis of variance (ANOVA) table for compressive strength results of printed samples.
Source of Variation Sum of square mean Degree of freedom Mean Square F-value P-value F-critical value
Different VMA content 2467.80 2 1233.90 257.53 < 0.001 3.26
Different test directions (X, Y, Z) 342.53 2 171.27 35.74 < 0.001 3.26
Interaction 124.82 4 31.21 6.51 < 0.001 2.63
Within 172.49 36 4.79
Total 3107.65 44
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Fig. 19. (a) The grayscale images of the cross-section from the front view, the interface from the top view, and the layer from the top view: (1) Sample 1.2VMA; (2)
Sample 2VMA; (3) Sample 4VMA. (b) 2D void content (porosity) from top to bottom of ROI; (c) The average air void diameter of the interface and layer.
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that findings reported in this section are only based on one sample for
each mixture. Further study is needed to ensure the accuracy and re-
liability of the findings.

4. Discussion
4.1. Effect of VMA dosage

4.1.1. Flocculation and water retention

The competitive adsorption between PCE and HPMC has been
confirmed by Ma et al. [65]. From a macroscopic point of view, the
addition of cellulose-derivative VMAs could increase the plastic visc-
osity and/or yield stress for a fixed percentage of superplasticizer. For
cellulose-derivative VMAs, a much more significant increase in plastic
viscosity is seen than in yield stress [48,66]. At the microscale, two
working mechanisms of VMA, i.e., flocculation and water retention, are
emphasized in this study. The former describes the effects that appeared
between fine particles, and the latter explains the function in the pore
solution. In the presence of PCE, the possible flocculation mechanisms
of VMA include bridging flocculation and depletion flocculation [67].
Both effects are dependent on the surface coverage condition of cement
and other fine particles, and the competitive adsorption of PCE and
HPMC.

On the other hand, HPMC could ‘arrest’ free water. The mechanism
occurs because hydroxyl groups (-OH), and ether groups (R—-O-R) can
form the hydroxyl bond via combined water molecules. Therefore, the
free water in suspension might be wrapped by the chain of HPMC, or be
fixed outside of the structure [65]. As a result, the viscosity of the ce-
ment pore solution was increased by HPMC. Water retention increased
with the molecular mass and the concentration of HPMC [48]. In this
study, the water retention should be increased from 0.14% to 0.48% of
HPMC dosage. The water retention of solid suspensions plays an im-
portant role in the formation of lubrication layers for concrete pumping
and printing. More discussion about the lubrication layer is given in
Section 4.1.3.

Overall, the discussion above might give the reason why mixture
4VMA exhibited extremely low flowability and high extrusion pressure
compared with mixtures 2VMA and 1.2VMA. The function of VMA is
strongly related to its concentration in the cement suspension.
However, the role of calcined clay and limestone in the suspension
system is not clear at present. This should be studied in the future.

4.1.2. Retardation of hydration

The isothermal calorimetry test in Section 3.5 confirmed the re-
tardation of cement hydration due to the addition of VMA in the
limestone and calcined clay-based cementitious material system. The
impact of cellulose-derivative VMAs on cement hydration has been
reported by [41,48,68-70]. It has been found that the cellulose-deri-
vative VMAs have very limited adsorption capability on anhydrous
phases like C3S, thus having less influence on the growth rate of C-S-H
[48]. Many researchers [48,68,69] believe that the main reason for

Hose/pipe

Printed layers
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delaying hydration by the cellulose-derivative VMAs is the adsorption
onto hydrated phases, including C-S-H and portlandite. Pourchez et al.
[69] explained that the cellulose-derivative VMAs acts strongly on the
C-S-H precipitation by a three-step process: first, a reduction of the
quantity of the initial C-S-H seeds; second, a retardation to form the C-
S-H shell around the Cs3S; and finally, the formation of a thicker and
permeable C-S-H layer. Additionally, the impacts on the second and
third peaks by the addition of HPMC were also quite evident in Fig. 17
(a). Further tests, such as thermogravimetric analysis (TGA) and in-situ
X-ray diffraction (XRD) measurements, are required to explain those
phenomena.

4.1.3. Lubrication layer and mechanical performance

Considering the retardation of hydration that occurs when using
0.48% of VMA (Fig. 17 (a)), it might be reasonable to expect that the
mixture 4VMA will have the lowest compressive strength. However, the
retardation of cement hydration were also quite evident when in-
creasing the dosage of VMA from 0.14% to 0.24% (Fig. 17 (a)). Mixture
2VMA exhibited higher compressive strength in all directions compared
to mixture 1.2VMA. A similar result was reported by Li et al. [38]. The
authors explained that a thin water layer might be generated on the
surface of the extruded filament by using the cement paste containing
0% or relatively small dosage of VMA. The weak bonding between two
adjacent layers was due to that thin water layer.

The thin water layer could be regarded as one part of the lubrication
layer. De Schutter and Feys [71] explained the formation of lubrication
layer for the conventional pumpable concrete, such as self-compacting
concrete. The authors point out that fresh concrete does not remain
homogenous during pumping. Under the driving force, the coarse ag-
gregate tends to move to the center of the unsheared region/plug-zone,
whereas the cement paste and fine particles with the higher water
content migrated to the pipe wall. For the laminar flow-based printing
process, Roussel [37] indicated that only the water and the fine parti-
cles in the lubrication layer were sheared and play a function during
pumping and extruding. The rheology of the unsheared region de-
monstrated minimal effects on extrusion but contributed more to the
structural build-up process.

The free water content in the fresh mixture seems to play a domi-
nant role in forming the lubrication layer. As mentioned in Section
4.1.1., free water content should be determined by the water retention
properties induced by the VMA. The higher dosage of VMA results in
higher water retention and less water mobility in the matrix, which
raises difficulties in forming the lubrication layer. Once the lubrication
layer was generated for mixtures containing a higher concentration of
VMA, the formed layer showed very high viscosity, which could be
proved by the increased extrusion pressure [37] (see Fig. 9). Finally, the
lubrication layer remained on the surface of the extruded filament after
deposition (Fig. 20). Hence, the adhesion between the two extruded
layers was dependent on the rheological properties of the lubrication
layers in the laminar flow based printing. The viscosity of the lubrica-
tion layer could not be too high or too low. The lubrication layer with a

Printed layers

Lubrication layer Layer 2

Unsheared material

Fig. 20. Schematic of the laminar flow based printing (left). Formation of the lubrication layer in the material hose/pipe (middle). Section of two printed layers

(right).
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low viscosity might contain a higher water content which could in-
crease the porosity in the interface like mixture 1.2VMA (see Fig. 19 (a),
(b)). However, the opposite situation, such as mixture 4VMA, would
lead to the extremely high extrusion pressure and the porous micro-
structure in both of the interface and the layer. Overall, the optimal
value was found in the mixture 2VMA in this study.

4.2. Limitations and perspective

4.2.1. Nozzle moving speed and material flow rate

In this study, the default settings for extrudability and open time
tests were to keep the nozzle moving speed the same as the linear
material flow rate. However, as observed in the open time test (see
Section 3.3.), the extruded filaments become thinner (S; < 1) after a
period of printing. As mentioned earlier, it could be seen that the stiff
materials were stuck in the interior wall of the nozzle during the
waiting period, and the rheology of the fresh mixture changed with
time, which resulted in a decrease in the real material flow rate. There
are two strategies to solve the latter problem in practice. First, using the
optimized printability window. It is feasible to consume one batch of
material before the time of appearance of the thinner filament by ad-
justing the printing speed and the maximum volume of one batch. For
example, if the mixture 2VMA is to be printed, it must be ensured that a
single batch of material is printed within 90 min. Second, using an
inline monitoring and controlling system. It is also possible to decrease
the nozzle moving speed or increase the material flow rate when the
thinner filament appears. A real-time extrusion quality monitoring
setup was proposed by Kazemian et al. [72]. The authors installed a
camera on the printhead to collect the image data of the extruded fi-
lament. The width of the extruded filament was calculated and eval-
uated, and at the same time, a receipt (signal) was generated im-
mediately. They developed a closed-loop extrusion system that could
adjust the extrusion rate automatically based on the receipt from the
quality monitoring system. It is possible to perform the precise printing
work and extend the open time for the printable cementitious material
by utilizing such a system.

4.2.2. Object size and process

For a single printable cementitious material, its buildability and
interlayer-bond strength could vary if the time interval between the two
subsequent layers changes. In practice, for a constant printing speed,
the time interval should be dependent on the path length of the layer.
Thus, a large object would have a longer path length of the layer
compared with a small object. Fig. 21 provides an example of the size
effect of objects in the printing process. The stresses at 5% strain for
mixture 2VMA during the resting time from 30 min to 90 min were
collected from Table 5 and plotted in Fig. 21. A linear relationship
between the material age and the stress could be achieved as well. It
was recommended by Wolfs et al. [34] that the stress at 5% strain could
provide a limit to ensure the geometrical accuracy of the printed ob-
jects. The grey line in Fig. 21 was defined as the strength evolution of
the first layer (maximum strain: 5%). Three printing scenarios were
proposed: large object, small object 1, and small object 2. All objects
had the same default setup, including the nozzle opening (diameter:
15 mm), the printing speed (material flow rate: 1.1 L/min and nozzle
moving speed: 3600 mm/min), the layer thickness (8 mm), the nozzle
standoff distance (down-flow, 8 mm). The path length of each layer (for
each object, the path length was kept the same from the bottom to the
top) was 1200 mm and 7200 mm for two small objects and the large
object, respectively. Fresh mixtures for both small objects were pre-
pared at the same time. The main difference between them is the start
time for printing.

In this case, the following assumptions are made: (1) The bottom
layer was assumed to withstand only uniaxial compression that was due
to the gravity-induced dead weight of the gradually increasing layers.
(2) During the deposition process, the nozzle does not provide any
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Fig. 21. The strength evolution of the bottom layer (the maximum strain: 5%)
of mixture 2VMA during the period from 30 min to 90 min (grey line). Three
printing scenarios: large object (start printing time: 30 min, path length of each
layer: 7200 mm, computed layer number: 13, actual layer number: 9); small
object 1 (start printing time: 30 min, path length of each layer: 1200 mm,
computed layer number: 22, actual layer number: 15); small object 2 (start
printing time: 60 min, path length of each layer: 1200 mm, computed layer
number: 28, actual layer number: 21). Fresh mixtures for both small objects
were prepared at the same time. Unit weight of mixture 2VMA: 2337 kg/m>;
gravity constant: 9.8 N/kg.

stress on the layer. (3) 5% of the strain of the bottom layer was defined
as the critical value before the printing failure. In practice, many other
factors may lead to elastic buckling failure via the local or global in-
stability of the printed structure, for instance, the object geometry, and
imperfect layer deposition [33]. This was not considered in the current
study.

As shown in Fig. 21, due to the prolonged time interval from 20s to
2 min, the large object was much more buildable than the small object
1. Thus, in this case, the mixture 2VMA may be more suitable to print
the object with a relatively long time interval (> or =2 min) between
two subsequent layers. On the other hand, delaying the printing starting
time in the small object 2 is a suitable strategy to increase the number
of layers which can be printed, as shown by Li et al. [38]. The pro-
longed time interval was beneficial to reduce the deformation of the
deposited layers and enhance the buildability, whereas it lowers the
bond strength. Many studies [54,61,73,74] have already reported the
reduction of interlayer strength due to the prolonged time gap. As
mentioned by Perrot et al. [35] and Wangler et al. [75], for the fixed
printing parameters (printing speed, layer thickness, nozzle, and
others), the operation window of extrusion-based 3DCP depends on the
structuration rate and the plastic viscosity of the printable mixtures.

4.2.3. Relative printability

Due to the lack of standard protocols for evaluation of 3DCP [6,55],
we attempted to formulate a test criterion to evaluate the printability of
the developed limestone and calcined clay-based cementitious mate-
rials. Thus, the printability in this context should be defined as a re-
lative result. As discussed earlier, except for the rheology of cementi-
tious materials, the printability is related to the printing speed (nozzle
moving speed and material flow rate), object size (path length of each
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layer), object geometry, and the start printing time, among other
parameters. Nevertheless, a developed cementitious material was
printable using one printing setup, whereas it might be invalid or ex-
hibit different behaviors using others. The printing system and process
provide the upper and lower bounds for the printable cementitious
materials. Therefore, development of printable cementitious materials
cannot be seen as independent from 3DCP setup and the final appli-
cation (object size and geometry). The final printing process should also
fit the fresh state properties of the developed printable cementitious
materials.

4.2.4. Large-scale 3D concrete printing

Field application of 3DCP requires upscaling the printer setup and
object from lab-scale to industrial-scale. Competing material properties
determined at the lab-scale between pumpability and printability may
be critically modified for manufacturing structural components or even
complete buildings. To be pumpable, the fresh mixture must be fluid
enough and should have a moderate yield stress and relatively low
plastic viscosity [76]. The rheological properties should be very similar
to self-compacting concrete during the pumping operation, which re-
quires lower pumping pressure and is feasible for long-distance trans-
portation. However, the fresh mixtures should show zero-slump after
extrusion from the nozzle and then exhibit sufficient green strength to
build the layered structure [77]. Many researchers aimed to achieve the
rapid phase changing of fresh mixtures via rheology and/or hydration
control. A concept was initially introduced by Gosselin et al. [78]: a
pumpable mortar with the lower shear stress and slow hardening
property was prepared and conveyed to the printhead which contained
an inline mixer and extruder. At the same time, an accelerating ad-
mixture was injected into the printhead and dispersed in the fresh
mortar. Thus, the setting of mortar was accelerated after deposition. A
similar approach has also been reported by others [30,77,79].

Based on these studies [30,77-79], Fig. 22 presents a schematic
diagram of a large-scale 3DCP system that can be potentially utilized for
large-scale prefabrication or on-site construction. In Stage 1, the fresh
mixture is prepared and pumped through a long hose (> 20 m) to the
construction site continuously. Once the low-viscosity material is col-
lected in the inline mixer, activators such as accelerators, VMAs, and
others can be delivered and mixed. Afterwards, the mixed materials are
transported by an extruder. The requirements for the fresh mixture are
as follows: (1) flowable and pumpable in Stage 1; (2) printable in Stage
2.

The developed mixtures in this study may be potentially used in the

Fresh mixture

A large-scale conveying pump

Along hose
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Fig. 23. The relationship between material flow rates and pumping pressures of
mixture Ref. 1 bar = 0.1 MPa.

large-scale 3DCP system. A similar test as mentioned in Section 2.3.2.
was also performed to determine the relationship between the material
flow rate and the pumping pressures of mixture Ref. Pressurized
bleeding and segregation were not observed during the test. The test
result of mixture Ref is presented in Fig. 23. The pumping pressure
shows a minimal and steady increase when the material flow rate is in
the range of 0.35-2 L/min. After that, a much higher pumping pressure
is needed for a small increment of material flow rate to 2 L/min. The
shear-thickening property is observed by the increase in material flow
rate from 2 to 2.4 L/min. Roussel et al. [80] explained that the mac-
roscopic shear thickening behavior of cementitious materials occurs
due to the particle inertia effects. The volume fraction of the solid
suspension plays a dominant role in the shear-thickening behavior.
Additionally, especially for highly flowable mixtures, the shear-induced
particle migration could also be a reason for the shear-thickening
phenomenon during the pumping process [81].

Overall, for stage 1, it would be possible to use the mixture Ref
within a proper range of the material flow rate. However, for stage 2,
the powdered VMA in this study may not be a good option since it needs
several minutes to fully disperse in the fluid mixture. A liquid VMA

Activator
> (VMA, accelerator)

]

An inline
mixer

A screw
extruder

Printed concrete

Fig. 22. A schematic diagram of the large-scale 3DCP system.
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would be more suitable in this context. Also, since the limitations of the
lab-scale printing setup, it is not feasible to validate if the developed
mixtures could be directly used in the large-scale 3DCP system. Further
validation is needed and will be carried out in the future.

5. Conclusion
The following conclusions could be obtained in this study:

e All mixtures containing VMA were printable through the 3DCP
setup of TU Delft. Increasing the VMA dosage from 0.14% to 0.48%
of the binder mass could increase the extrusion pressure, build-
ability, green strength within the first 2.5 h, and reduce the flow-
ability and open time.

e QOverall, the optimal VMA dosage for 3D printability is 0.24% of the

binder mass (2VMA) in this study. Mixture 2VMA displayed better

shape stability, buildability, and green strength than mixture

1.2VMA. Compared with mixture 4VMA, mixture 2VMA exhibited a

more appropriate extrusion pressure, longer open time, comparable

buildability and green strength.

The addition and increase of VMA dosage in the mixture can retard

the cement hydration. One possible reason is that the VMA might

control C-S-H adsorption and massive portlandite precipitation.

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

e For a precise printing process, it is important to keep the nozzle
moving speed the same as the linear material flow rate by utilizing
the optimized printability window and/or an inline monitoring and
controlling system.

e Extending the time interval between two subsequent layers by in-
creasing the object size (path length of each layer) could improve
the buildability of printable materials, like mixture 2VMA. Delaying
the start time is also a way to enhance the buildability for printable
cementitious materials with sufficient open time. However, the
weakness in bond strength when using mixture 2VMA to print large-
scale objects is not clear so far and needs more investigation.

The developed mixtures in this study can be potentially used in a

large-scale 3DCP system. However, further research is required to

validate this.
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