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Abstract: One of the major limitations of the current 3D-concrete-printing technology is
incorporation of reinforcement. Furthermore, there is a need to decrease the ecological footprint of
printable concrete. As a possible solution for these challenges, this paper presents a 3D-printable
strain-hardening geopolymer composite (3DP-SHGC) that shows pseudo-ductile behaviour under
direct tension. The developed 3DP-SHGC is composed of one-part (just-add-water) geopolymer
binder made of slag (GGBFS), fly ash (FA) and solid activator. The one-part geopolymer binder
eliminates the need for elevated temperature curing and handling of corrosive alkaline liquids. At
first, an optimum matrix was identified by studying the effects of FA to GGBFS ratio on the
rheological properties and compressive strength. Subsequently the optimum matrix was reinforced
by PVA fibres to make the 3DP-SHGC, which printing performance and rheological properties were
evaluated. In addition, the influences of curing temperature on the compressive, flexural and tensile
performances of the printed specimens were also investigated. The results were compared with
those obtained for the mould-cast specimens. The 3DP-SHGC exhibited superior flexural
performance, higher tensile strength, and comparable tensile strain capacity to the mould-cast
counterpart. Further, the curing temperature had influence on the mechanical properties of both
3D-printed and mould-cast SHGCs. The underlying reasons for the differences are discussed.

Keywords: 3D-concrete-printing; strain-hardening geopolymer composite; rheological properties;
mechanical properties; strain-hardening

1. Introduction

The construction-related industries are considered as the largest industries in the
world economy as the construction-related spending was reported to be about 13% of the
global GDP in 2016 [1]. However, the industry has shown significantly lower productivity
as compared to other manufacturing industries such as automotive and aerospace
industries [1], and nearly no increase in productivity over the last decades. Compared to
other industries which have adopted automation in their manufacturing process, the
construction industry has relied primarily on manual labour. In addition, the construction
industry has also been suffering from a high accident rate and high construction cost [2].
To tackle these issues, the construction industry is moving towards implementation of
digital and automation technologies in recent years. Three-dimensional concrete-printing
(3DCP) is one of the digital technologies that eliminates the use of expensive formwork
for manufacture of concrete members with intricate geometries via an additive
manufacturing process. However, there are many challenges still needed to be overcome
before 3DCP can be routinely implemented into a practical construction scale [3, 4].

Incorporating conventional steel reinforcement in the extrusion-based 3DCP process
is one of the primary challenges, which still needs to be addressed [5]. Over the past few
years, few reinforcement solutions have been proposed to enhance the flexure and tensile
performances of printed concrete members, such as post-installed steel reinforcement [6,
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7], vertical mesh reinforcement [8], continuous cable reinforcement [9, 10], carbon yarn
reinforcement [11] and short-fibre reinforcement [12-14]. Among the aforementioned
reinforcement methods, short-fibre reinforcement is currently one of the most promising,
easy-to-implement reinforcement methods for the extrusion-based 3DCP processes; see
e.g. [15]. Here, short-fibres can be blended into the fresh mixture directly during the
mixing process to enhance the tensile and/or flexural performances of the printed concrete
members without the need of special-designed extruder or any further extra process for
reinforcement integration.

Strain-hardening cementitious composites (SHCC), also referred to as engineered
cementitious composite (ECC), is an advanced fibre-reinforced cementitious composites
exhibiting quasi-ductile behaviour accompanied by multiple fine cracks. Multiple
cracking is absolutely essential for such material parameters as fracture toughness, work-
to-fracture or strain capacity [16-18]. SHCC can be a part of the solution for reducing or
eliminating the necessity for steel reinforcements in the printed concrete members [19].
Few studies have been carried out on developing 3D-printable SHCC [20-25]. For instance,
Soltan and Li [21] developed a 3D printable SHCC mixture by investigating the influences
of several additives on the printing performances (extrudability and buildability) of fresh
SHCC mixtures. The 3D-printed SHCC specimens with optimum additives exhibited
ultimate tensile strength of about 6.0 MPa and tensile strain capacity of about 4.0%. Ogura
et al. [20] formulated 3D-printable SHCC with HDPE fibres, which exhibited remarkable
strain-hardening behaviour under direct tensile loading. They also reported that, these
behaviours were superior to those of mould-cast specimens [20]. Zhu et al. [22]
investigated the influences of fibre content (1.0 vol.%, 1.5 vol.% and 2.0 vol.%) on the
properties of printable SHCC mixtures. They succeeded to develop 3D-printable SHCC
mixtures, which exhibited ultimate tensile strength and tensile strain capacity of up to 5.7
MPa and 11.4%, respectively. Ye et al. [24, 25] investigated the effects of crumb rubber
content and fibre content in 3D-printable SHCC mixtures. The SHCC mixture with 40%
(by volume fraction of silica sand) crumb rubber and 1.5 vol.% of polyethylene fibre was
determined as the optimum mix for 3D printing, showing ultimate tensile strength and
tensile strain capacity of 5.8 MPa and 7.5%, respectively. A comprehensive overview on
printable SHCC/ECC can be found in [15].

It needs to be emphasised that all the 3D-printable SHCCs developed above are using
ordinary Portland cement (OPC) as the main binder in their mixture compositions. The
high embodied energy and carbon emissions because of the OPC production can
compromise the sustainability performance of 3DCP with SHCC [26, 27]. Developing a
3D-printable strain-hardening geopolymer composites (3DP-SHGC), in which OPC is
‘completely’ replaced by geopolymer, can help to master this sustainability challenge,
while still providing the necessary mechanical characteristics. In this article, a systematic
approach of developing a 3DP-SHGC for the extrusion-based additive manufacturing is
presented. The influence of mass ratio of fly ash (FA) to ground granulated blast furnace
slag (GGBFS) on the rheological properties and compressive strength of the resulting
geopolymer matrices were studied. Furthermore, the influence of curing temperature on
the compressive strength of the resulting geopolymer matrices was also investigated. The
matrix with desirable rheological properties and mechanical strength was then selected to
be used for the 3DP-SHGC. The developed 3DP-SHGC should exhibit strain- and,
subsequently, also deflection-hardening behaviours under direct tension and bending,
respectively, while providing adequate printing performance for large-scale 3DCP
process. Hence, the printing performance characteristics, including extrudability and
buildability, rheological properties of fresh material and mechanical properties of the
hardened 3DP-SHGC are evaluated in this paper. Furthermore, the influence of curing
temperature on the mechanical properties of the developed 3DP-SHGC was also
evaluated and compared with those of the conventionally mould-cast counterpart.

2. Materials
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The geopolymer source materials were Class F FA and GGBFS, the chemical
composition of which are presented in Table 1.

Table 1. Chemical composition of the slag and fly ash (wt.%).

Chemical Slag Fly ash
Al;O3 12.53 24.89
SiO; 32.19 56.74
CaO 43.23 5.20
Fe20s3 0.43 6.87
K20 0.29 0.885
MgO 5.69 1.35
Na,O 0.26 0.42
P20s 0.03 0.618
TiO, 0.60 1.42
MnO 0.16 0.08
SOz 4.02 0.266
L.O.l.2 0.39 1.22

4Loss on ignition.

The D50 and D10 values of the fine silica sand used for the production of SHGC were
176 um and 108 pm, respectively. Anhydrous sodium metasilicate powder with alkali
modulus of 0.9 (where alkali modulus = SiO2/Na20 mass ratio) and GD Grade sodium
silicate powder with alkali modulus of 2.0 were used as the solid activators. Sucrose
powder and nano clay were served as a retarder and viscosity modifying admixture in
this study, respectively. The properties of the o0il coated PVA fibre supplied by Kuraray
Co. Ltd., Japan are given in Table 2.

Table 2. Properties of the PVA fibre.

Young's Nominal
Diameter Length Elongation  Density
Fibre type modulus strength
(um)  (mm) (%) (glem?)
(GPa) (MPa)
RECS 15 40 8 41 6 1.3 1600

3. Experimental Program

In this paper, the experimental program was performed in two stages as described
below.

Stage I: Three geopolymer matrices were designed to investigate the influence of
mass ratio of FA to GGBEFS on the plastic viscosity, dynamic yield stress, static yield stress
evolution and structural recovery of the resulting geopolymer matrices in fresh state as
well as their compressive strength. In addition, the influence of curing temperature on the
compressive strength was also investigated. The conventionally mould-cast specimens
were used here to assess the compressive strength. Based on the results obtained, a matrix
with desired rheological and mechanical properties was selected to be used as the matrix
of the 3DP-SHGC in Stage II.

Stage II: The optimum matrix developed in Stage I was used for manufacturing the
3DP-SHGC, the properties in fresh and hardened states of which were then evaluated. In
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terms of the fresh properties, extrudability, buildability, plastic viscosity, dynamic yield
stress, static yield stress evolution and structural recovery of the composite were
evaluated. The effect of curing temperature on the hardened properties of the printed
composite was also studied. Furthermore, the compressive strength of the printed
composite was evaluated in different directions as related to direction of printing. The
flexural performance of the printed composite was assessed by four-point bending test,
while the tensile behaviour was assessed by conducting uniaxial tension test. The mould-
cast SHGC specimens were also prepared and tested.

3.1. Mixture proportions and mixing procedures in Stage |

The mixture proportions of the one-part geopolymer matrices investigated in this
stage are presented in Table 3. As shown in the table, the slag was partially (25%, 50% and
75% by mass) replaced by fly ash. The mass ratio of GD Grade sodium silicate powder to
anhydrous sodium metasilicate powder was equal to 1.0 in all matrices. Sucrose powder
(0.5% by mass of precursors) was used to longer the setting time of the matrices. Previous
studies [28, 29] showed that the workability of geopolymer mixture can be significantly
affected by the fly ash to slag mass ratio. To ensure all mixtures have adequate flowability
for achieving good fibre dispersion while exhibiting good shape-retention-ability and
buildability in Stage II of the investigation, the content of water of the matrices was
adjusted so that they all exhibited comparable workability (i.e., approximately 200 mm
average spread diameter after 25 strokes on the flow table as per the ASTM C1437 [30]).

To make the one-part geopolymer matrix, all dry ingredients were mixed in a mixer
at low speed for 3 min. The water was then added, and the mixing was continued at low
speed for 4 min. Subsequently, the mixing was continued at high speed for another 6 min
to attain a high degree of homogenisation.

Table 3. Mixture proportions of one-part geopolymer matrices.
MixID Flyash  Slag  Activatorr Sand Retarder® Water

FA25 0.25 0.75 0.1 0.1 0.005 0.428
FA50 0.50 0.50 0.1 0.1 0.005 0.367
FA75 0.75 0.25 0.1 0.1 0.005 0.319

Note: All numbers are mass ratios of the precursor weight (fly ash + slag).
& Composed of 50% anhydrous sodium metasilicate and 50% GD Grade sodium silicate powders.
® Sucrose powder.

3.2. Mixing procedure in Stage I1

The optimum matrix obtained in Stage I was used for manufacturing the 3DP-SHGC
in Stage II. It should be noted that nano clay (0.2% by mass of precursors) was added to
increase the cohesiveness of the matrix for better fibre dispersion [31], as well as enhancing
the thixotropy property of the composite [32]. To make the 3DP-SHGC mixture, all dry
ingredients including FA, GGBFS, solid activators, sand, sucrose powder and nano clay
were dry mixed in a mixer for 3 min. The water was then slowly added, and the mixing
was continued at low speed for 4 min. Subsequently, the PVA fibres with 2.0% by volume
of the mixture were gradually added to the mixer and mixed at low speed for 3 min.
Finally, the mixing was continued at high speed for another 3 min to guarantee uniform
fibre dispersion.

3.3. Curing and testing of geopolymer matrices in Stage I

The influence of mass ratio of FA to GGBEFS on the rheological behaviours of fresh
one-part geopolymer matrix was investigated by using Viskomat XL rheometer by


https://doi.org/10.20944/preprints202203.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2022 d0i:10.20944/preprints202203.0335.v1

50f 26

—_
O
S

=304

N
(&)
1

N
o
1

—_—
g O
1 o |

Rotational velocity (rpm
o
|

o

Schleibinger (Germany); see [33] for technical details of the device. A six-blade vane probe
(the diameter and height of the blades = 69 mm) was used in this study.

The evolution of static yield stress of the mixture was measured by conducting
constant shear rate test at the resting times of 1 min, 5 min, 10 min and 15 min. Nerella et
al. [34] addressed the single and multi-batch testing of static yield stress and substantiated
single batch as a suitable method for testing materials for 3D printing. Subsequently,
Ivanova et al. [35] showed that the difference between the results obtained from single-
and multi-batch methods was insignificant. However, static yield stress determined at
resting time of more than 15 min for 3D-printable one-part geopolymer mixture by sing-
batch method showed significantly different result compared to that measured by multi-
batch method [36]. Therefore, the static yield stress evolution of the geopolymer matrices
was measured for up to resting time of 15 min by using single-batch method in this study.
Considering the time required to transfer the fresh mixture from mixer to rheometer, all
rheological measurements performed in this study were started at 3 min after end of the
mixing procedure. In addition, an initial fixed shear rate test was performed at resting
time of 1 second after the vane probe was inserted into the fresh mixture. This is to ensure
the vane probe was positioned correctly before performing the first actual measurement
(i.e., at the resting times of 1 min) [35]. A fixed low rotational velocity of 0.6 rpm was
applied to the fresh mixture for 4 s at each resting time. Subsequently, the highest torque
value recorded in each measurement was converted into static yield stress by using the
Cauchy stress principle [37].

The hysteresis tests were performed to investigate the dynamic yield stress and
plastic viscosity, the detailed procedure for which can be found in [38]. The protocol used
for the hysteresis test is shown in Figure 1a.

The structural recovery behaviour (also called thixotropy property) of the optimum
mixture and the control mixture were measured based on the method proposed by Li et
al. [39], the rheological testing protocol for which is shown in Figure 1b.

The effects of curing temperature on the compressive strength of all matrices was
also investigated. 50 mm cubic specimens were cast from each matrix. The mould-cast
specimens were separated into two sets for curing at different temperatures. The first set
was cured inside an oven at 60°C for 24 hours; however, the second set was cured for 28
days at room temperature (23 + 3 °C). For each matrix, three mould-cast cubic specimens
were made for each curing temperature. A loading rate of 20 MPa/min was used for
compression testing of all specimens.

(b)
gso-:
£ 25
20 4
15 4
10 4
.
0

0.1 rpm
4

Rotational velocity

o

1_2_3 4 0 30 60 90 120 15
Time (min) Time (s)

Figure 1. Rheological testing protocols for (a) hysteresis test and (b) structural recovery test. Reproduced

from [38].
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3.4. Printing process, curing and testing of 3D-printed SHGC in Stage 11

A gantry-type 3DCP machine was used in printing the solid slabs and blocks for
mechanical tests. A round nozzle with a 20 mm diameter was connected to the auger-type
extruder. The printing speed and extrusion rate were 35 mm/s and ~0.75 L/min,
respectively. For the compression tests the 5-layer slab measuring 400 mm x 380 mm x 50
mm (L x W x H) was printed. The 12-layer block measuring of 400 mm x 80 mm x 120 mm
(L x W x H) was printed for the flexural and tensile tests. Each printed layer had a height
of 10 mm. Similar to the curing regimes adopted in Stage I, the printed samples were
separated into two sets for curing at different temperatures. After printing, the first set
was sealed in a container and cured inside an oven at 60 °C for 24 hours. The second set
was covered with a plastic sheet and left in the laboratory at ambient temperature (23 +
3°C) for 28 days. The tests performed in Stage II are described below.

3.4.1. Extrudability and buildability assessment

The extrudability of fresh 3DP-SHGC mixture was assessed by printing a five-layer
slab (L=400 mm x W=380 mm x H=50 mm) as schematically illustrated in Figure 2. Each
printed layer has a length of almost 7.2 m; see the foregoing paragraph for details. The
material was classified to have ‘adequate’ extrudability if the slab presented in Figure 2
could be printed successfully with no tearing of the printed filaments or any blocking in
the extruder or delivery system.

The buildability of fresh 3DP-SHGC mixture was investigated by printing a column,
the cross section of which was 200 mm x 300 mm as schematically illustrated in Figure 3.
The column composed of 60 layers and the height of each layer was 10 mm. A 20 mm
circular nozzle was used as in all other tests. The extrusion rate was ~0.45 L/min, while
the printing speed was 20 mm/s.

380 mm

400 mm

¥~ Printing
start here

Figure 2. Schematic illustration of the slab for extrudability test; dotted line represents moving path of the extruder.
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200 mm

A
A

300 mm

Figure 3. Dimensions of printed column for buildability test; dotted line represents moving path of the extruder.

Reproduced from [38].

3.4.2. Rheological properties

The workability of fresh SHGC mixture was measured according to ASTM C1437
[30]. The static and dynamic yield stresses, plastic viscosity and structural recovery of
fresh SHGC were measured in accordance with the testing procedures described in
Section 3.3 by using the Viskomat XL rheometer.

3.4.3. Mechanical properties

To determine the compressive strength of the 3D-printed specimens, 50 mm cubes
were sawn from the 5-layer printed slab. For comparison, conventional mould-cast 50 mm
cubes with the same curing temperature were also made. The printed cubes were tested
in compression in longitudinal, lateral and perpendicular directions as shown in Figure
4a. In each direction at least five specimens were tested in uniaxial compression at the rate
of 20 MPa/min.

The flexural performance of the 3D-printed SHGC was investigated by performing
four-point bending tests on beams sawn from the 12-layer printed blocks measuring L=350
mm x W=60 mm x H=20 mm. For comparison, conventionally mould-cast beams with the
same dimensions and curing temperature were also manufactured. The printed beams
were tested in perpendicular direction, see Figure 4b, with the mid-span of 100 mm and
the rate of 0.5 mm/min. Four specimens were tested for each manufacturing process (i.e.,
3D-printing or casting) and curing temperature.
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Figure 4. Testing directions for (a) compression and (b) flexural tests of 3D printed SHGC specimens.

To evaluate the tensile performance of the printed specimens, prismatic specimens
measuring L=330 mm x W=30 mm x H=20 mm were saw-cut from the 12-layer printed
blocks and placed in the dumbbell-shaped mould; see Figure 5a. Subsequently, the
remaining empty spaces in the grip areas were cast with the same material to obtain dog
dumbbell-shaped specimen; see Figure 5b. All printed specimens were tested at the
earliest after 14 days of the mould-cast portions were cast to ensure adequate bonding
between the printed specimen and mould-cast portions. A similar method has been
utilised by Ye et al. [24, 25] to fabricate similar specimens for their 3D-printable ultra-high
ductile concrete. For comparison, conventionally mould-cast dumbbell specimens with
the same dimensions and curing temperature were also made. The uniaxial tension test
setup is shown in Figure 6. A video extensometer was used to record the elongation in the
gauge area. The printed specimens were measured in printing direction (i.e., longitudinal
direction) at 0.5 mm/min. Three specimens were measured for each manufacturing
process and curing temperature.
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(a) (b)

Printing
direction

Figure 5. (a) Making dumbbell-shaped specimen from 3D-printed SHGC specimens and (b) dimensions of
dumbbell-specimens.

Figure 6. Uniaxial tension test setup.

3.4.4. Micromorphology characterisation

The micromorphology characteristics of facture surfaces was analysed using
scanning electron microscopy (SEM, ZEISS® Supra 40 VP). The specimens were pre-coated
with a thin conductive layer of gold. An accelerating voltage of 4 kV was used with
working distance ranging between 11-15 mm.

4. Results and Discussions
4.1. Results of the Experimental Program in Stage |
4.1.1. Rheological properties

Figure 7 presents the evolution of static yield stress of all geopolymer matrices under
investigation. FA75 exhibited the highest static yield stress among the matrices at each
resting time, which is desirable to ensure high buildability and shape-retention-ability;
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while FA25 has the lowest static yield stress at each resting time, which suggests that this
mixture has the lowest buildability and shape-retention-ability [40-42]. The evolution of
static yield stress of geopolymer mixture can be affected by both physical and chemical
causes. As shown in Table 3, to achieve comparable workability for all matrices, the water
content was reduced to compensate the increase of flowability due to increase of the
content of spherical FA particles in the mixture. Several researchers have also reported
that the flowability/workability increased when increasing the FA replacement in the FA-
GGBFS blended geopolymers [29, 43, 44]. As a result, FA75 had the lowest water content
among all the mixtures and consequently also less free water in the mixture. The low free
water content in the mixture results in higher inter-particle friction, and thus higher stress
is required to overcome the inter-particle friction and initiate the flow [45]. In addition, as
the activator content is constant in all mixtures, the low water content in FA75 mixture
leads to the higher viscosity of alkaline activator solution formed in the mixture, which
could also increase the stress required to initiate the flow of the mixture. In the chemical
sense, low water content in FA75 mixture also results in higher alkalinity of the mixture,
which can promote the geopolymerisation reactions and greatly increase the static yield
stress of the mixture over time [46].

] —m— FA25
~ 3500 - —@— FA50
% 3000 ] —A— FA75
© 2500 —
; 2000
2 1500 -
21000 - ./.__,//——" "
@ 500
07— l | |

0 1 5 10 15
Rest time (min)

Figure 7. Static yield stress evolution of geopolymer matrices.

Figure 8 presents the descending curve measured in the hysteresis test for all
geopolymer matrices under investigation. It should be pointed out that for each matrix a
linear fitting line was drawn on the data obtained between 5 rpm to 30 rpm as these data
were comparatively stable. Table 4 summarises the dynamic yield stress and plastic
viscosity for all geopolymer matrices. According to Weng et al. [47], plastic viscosity and
dynamic yield stress are closely related to pumpability of fresh printable mixture. As can
be seen in Table 4, FA25 had the lowest dynamic yield stress and plastic viscosity among
all the matrices, which is beneficial to ensure low pumping pressure during pumping or
printing process. On the contrary, FA75 has the highest plastic viscosity and thus
apparently least pumpability among all the matrices. Low water content in FA75 results
in higher internal friction between particles and more viscous alkaline activator solution
formed in the mixture, which increases the stress required to sustain the flow of the
mixture.
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Table 4. Dynamic yield stress and plastic viscosity of geopolymer matrices.

Mix ID  Dynamic yield stress (Pa) Plastic viscosity (Pa.s)

FA25 42.9 8.6
FA50 74.2 16.7
FA75 62.0 26.8

200 4 = FA25
1 0 e T=62.68 + 3.69N , R? = 0.98

150 | —— Fitted line

T=74.94+230N,R?*=0.96

T=43.33+1.18N,R?=0.97

0 L] I T I 1 I 1 I ] I 1 I 1
0 5 10 15 20 25 30
Rotation, N(rpm)

Figure 8. Descending curve of all geopolymer matrices measured in hysteresis test.

Figure 9 presents the apparent viscosity recovery results of all geopolymer matrices
investigated in this part. As can be seen in the figure, FA75 exhibited the highest apparent
viscosity at each stage followed by FA50 and FA25. As the apparent viscosity is the ratio
of the measured shear stress to the applied shear rate, this result indicates that FA75
requires higher stress to shear as compared to FA50 and FA25 under the same applied
shear rate, which is consistent with the plastic viscosity measurement showed in Table 4.
As shown in the figure, all the matrices were able to restore most of their initial apparent
viscosity after 60 s from Stage II. This showed that they all exhibited excellent thixotropic
recovery, which enables the mixture to keep its shape after extrusion and rapidly gain
strength to sustain upper layers without having any considerable deformation.
Comparing all matrices under investigation, FA25 yielded the lowest recovery rate of 89%
followed by FA75 (93%) and FA50 (94%). Since the difference in the recovery rates was
relatively small, it can be said that all geopolymer matrices exhibited comparable
thixotropic recovery, between 89% and 94%.
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Figure 9. Apparent viscosity recovery of geopolymer matrices.

4.1.2. Mechanical strength

Figure 10 shows the compressive strength results for all geopolymer matrices
depending on the curing temperature. FA75 exhibited the lowest strength among all the
matrices regardless of the curing temperature, despite it had the lowest water content.
Tennakoon et al. [44] reported a significant reduction in compressive strength of one-part
FA-GGBFS blended geopolymer when the FA displacement was increased from 70% to
90% (by mass) of the total precursors. Ismail et al. [48] reported the mixture containing
75% or more FA did not set and hardened at 8 wt.% of activator dosage. The low strength
values obtained in this study for FA75 indicate that the geopolymerisation reactions
occurred in this composition were much less intensive as compared to that in FA25 and
FA50, which led to a much weaker geopolymeric matrix. Furthermore, the compressive
strength of heat cured specimens was lower than that of ambient cured samples even after
28 days. This was especially pronounced for FA75 composition, which yielded very low
strength values in the case of heat curing. Further studies are required to investigate this

phenomenon.

80 — Heat curing [l Ambient temperature curing
O;j 4 66.0
= 58.6
< 60+ ==
F=A 50.3
C -
© 415
® 40 - I
o
>
‘0 7] 254
o
5 20
£
8 =

0 0.7

FA25 FAS50 FA75

Figure 10. Compressive strength of geopolymer matrices.
FA50 showed the highest compressive strength, with values 31% to 41% higher than
those obtained for FA25, depending on the curing temperature. Although FA25
apparently has better pumpability (i.e., lower dynamic yield stress and plastic viscosity)
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than FA50, the static yield stress evolution and apparent viscosity recovery rate of FA50
were higher than those of FA25, which is beneficial for FA50 to achieve better buildability
and shape-retention-ability than FA25. In addition, the higher plastic viscosity of FA50 is
particularly essential to ensure uniform fibre dispersion for achieving better deflection-
and stain-hardening behaviours under bending and direct tension, respectively [49].
Hence, among the matrices studied in Stage I, FA50 was selected as the optimum matrix
(balancing between FA25 and FA75) due to its desirable rheological properties and high
strength.

4.2. Results of the Experimental Program in Stage 11
4.2.1. Extrudability and buildability

Figure 11 shows the solid slab printed for extrudability evaluation. This 5-layer solid
slab, where the total length of five layers was 36 m, was printed successfully without
observing any blocking issue or tearing of the layers. Therefore, it can be concluded that
the 3DP-SHGC developed in this study exhibited adequate extrudability.

Figure 12 shows the column printed using the 3DP-SHGC to assess its buildability.
All 60 layers were extruded successfully without observing considerable deformation at
the bottom layers. Hence, it can be said that the 3DP-SHGC showed adequate buildability.
It is interesting to point out that the extruded SHGC filaments showed in Figure 11b and
Figure 12 appeared to have wavy edges in contrast to the filaments with a smooth round
edge showed in literature; see e.g. [50, 51]. This phenomenon seems to be a common issue
when printing fibre-reinforced composite through a round nozzle [22, 52].

i 380
< LA >

400 mm

Figure 11. 3D-printed SHGC slab in fresh state: (a) Top view, and (b) Side view.
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Figure 12. 3D-printed SHGC column in fresh state.

4.2.2. Workability and rheological properties

The average spread diameter of the 3DP-SHGC mixture was 161 mm after 25 strokes
on the flow table, which is significantly smaller than that of the matrix (approximately 200
mm). Figure 13 shows the evolution of static yield stress of the 3DP-SHGC mixture. It
should be noted that the self-protection mechanism of the rheometer was triggered as the
measured torque value reached 5x10° N-mm. As indicated in the figure, the measured
torque value exceeded 5x10° N-mm before the rest time of 10 min and thereby no readings
were possible at 10 min and 15 min. The static yield stress of the fresh SHGC at each rest
time was much higher than that of the matrix (i.e., FA50). This is mainly because of the
lattice effect of the fibres [53], which increases the stress required to initiate the flow. Such
high static yield stress values at each rest time explains the excellent shape-retention-
ability and buildability of the SHGC mixture as observed in the buildability test.
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Figure 13. Static yield stress evolution of 3DP-SHGC. * No measurements were recorded for 10 min and

15 min resting times as the torque value exceeded 5x10° N-mm that triggered the self-protection mechanism
of the rheometer.

Figure 14 presents the descending curve measured in the hysteresis test on the 3DP-
SHGC mixture. According to the Reiner-Riwlin equation [54], the plastic viscosity and
dynamic yield stress of the 3DP-SHGC mixture were 32.82 Pa's and 145.63 Pa,
respectively, which were higher than those of the matrix (i.e., FA50). The increase in the
dynamic yield stress and plastic viscosity of the composite is most likely due to the already
mentioned lattice effect of the PVA micro-fibres, which increases the stress needed to
maintain the flow of the mixture. According to Chhabra and Richardson [55], the pumping
pressure needed for conveying a Bingham fluid can be determined from Eq. (1):

_ (BTay 88
P_(3R+nR4Q)L @)
400 ® Measured data
1 — Fitted line

'E 300

e

z J

200 s

% - T=452+147.16N,R?=0.95

S 100 —

U L] I L] I ] I ] I ] l 1 I 1

0 5 10 15 20 25 30
Rotation, N (rpm)

Figure 14. Descending curve of 3DP-SHGC measured in hysteresis test.

where 7; and p are dynamic yield stress (Pa) and plastic viscosity (Pa's) of the
material, respectively, Q is flow rate (m?3/s), P is pumping pressure (Pa), R and L are radius
and length of hose (m), respectively. Using Eq. (1), the required pumping pressure for
pumping the 3DP-SHGC mixture with the pump hose used in this paper (25 mm diameter
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and 5 m length) at 0.75 L/min was determined to be 3.7 bar that is much lower when
compared to the maximum capacity of the concrete pumping machine used in this paper
(i.e., 20 bar). It should be noted here that more precise estimation of pumping pressure
requires the definition of flow regime in the pipe (plug flow type or the shear flow type)
and the rheological parameters of the lubricating layer forming at the pipe wall; see e.g.
[56].

Figure 15 presents the apparent viscosity recovery. The fresh SHGC was only able to
restore 29% of its initial apparent viscosity after 60 s from Stage IL. This is despite the
mixture contained nano clay, which is often used to improve the thixotropic of printable
mixtures [22, 32, 57]. It is also interesting to point out that all matrices investigated in
Section 4.1 were able to restore 89% to 94% of their initial apparent viscosity within 60 s
after removing the constant high shear rate. To further investigate the thixotropic recovery
of the SHGC mixture, its apparent viscosity at Stage III was measured for 330 s. As shown
in Figure 15, the apparent viscosity of the mixture slowly recovered up to 62% of its initial
apparent viscosity after 240 s (4 min) from Stage II. The reduction of the apparent viscosity
recovery rate of the mixture in comparison to geopolymer mixtures without fibre is most
likely due to the hydrophobic character of the oil coated PVA fibres used in this study.
This hydrophobic character could cause the re-flocculation difficult to form on the surface
of the fibres after shearing, and thereby reduce the apparent viscosity recovery rate of the
mixture. Furthermore, it is likely that the presence of fibre enables a more uniform
dispersion of fines in the mixture and consequently low tendency to agglomeration.

29% recovery ~ 62% fE'SG‘-‘EF‘.\f\‘1|r

-

Stage | ‘|Stage I|1_ Stage Il

jll}

T T T T T T T T
0O 30 60 90 120 150 180 210 240 270 300 330
Time (s)

Figure 15. Apparent viscosity of 3DP-SHGC.

4.2.3. Mechanical properties

Figure 16 shows the compressive strength of one-part SHGC specimens with
different curing temperatures and manufacturing processes. As expected, the
compressive strength of the printed specimens was 6% to 25% lower than that of the
mould-cast SHGC specimens, which depends on the loading direction and curing
temperature. This result is in a good agreement with the compressive strength results for
the 3D-printable OPC-based mortars reported in the literature [14, 58]. This tendency can
be traced back to the higher porosity of the 3D-printed specimens as compared to that of
the mould-cast specimens. The average density of mould-cast SHGC specimens cured at
elevated temperature and ambient temperature were measured to be 1895 kg/m? and 1921
kg/m3, respectively, which were higher than those of the 3D-printed specimens (1854
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kg/m?3 for heat curing and 1874 kg/m?3 for ambient temperature curing). As shown in
Figure 16, irrespective of the loading direction and manufacturing process, the strength
of heat cured SHGC specimens was lower than that of the ambient temperature cured
specimens. This result is in a good agreement with the compressive strength results of the
one-part geopolymer matrices reported in Section 4.1 of this study.

Heat curing [l Ambient temperature curing

7 62.1 58,2
56]':7 : 53.6
47 4
. 409 42.6 42.3
T L
Mould-cast  Perpendicular Lateral Longitudinal

direction direction direction

Figure 16. Compressive strength of mould-cast and 3D-printed SHGC.

For both curing regimes under investigation, the strength of 3D-printed SHGC
specimens showed anisotropic property. The highest strength was measured in the
perpendicular direction followed by those tested in the lateral direction and in the
longitudinal direction. The compressive strengths of SHGC cured at ambient temperature
in perpendicular, lateral and longitudinal directions were 24%, 25% and 12% higher than
those of the heat cured SHGC, respectively. It is worth to point out that the same
anisotropic pattern was also observed in the previous study of the authors [59] and the
reasons for this pattern were described there.

Figure 17 shows the flexural stress vs. mid-span deflection curves of SHGC
specimens produced using different curing temperatures and manufacturing processes.
Irrespective of the curing temperature, both mould-cast and 3D-printed SHGC specimens
showed deflection-hardening behaviour with numerous fine cracks when tested in
bending. In addition, it is obvious that the flexural stress-deflection curves of 3D-printed
specimens were higher and longer than those of the mould-cast specimens, indicating an
improvement in flexural strength and deflection capacity due to the 3D printing process.
This is true for both curing temperatures.
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Figure 17. Flexural stress vs. mid-span deflection curves of SHGC specimens made with different curing
temperatures and manufacturing processes.

Table 5 summarises the average first-crack strength fror, modulus of rupture MOR
and their corresponding deflection values (oror and Omor, respectively) for SHGC
specimens made with different curing temperatures and manufacturing processes. It can
be seen that, regardless of the manufacturing process, all these parameters were higher
for the heat cured specimens in comparison to those cured at ambient temperature. Based
on the curing temperature, the average MOR and dmor of 3D-printed specimens were 16%
to 51% and 57% to 65% greater than those of the mould-cast SHGC specimens,
respectively. This can be traced back to the fibre alignment in the 3D-printed specimens
parallel to the direction of printing; see Figure 18. Such alignment of fibres perpendicular
to cracks can significantly increase their crack bridging efficiency and thus result in higher
MOR and dwmor values. In addition, a considerable number of fibre channels formed by
fibre pullout were observed on the fracture surface, confirming a ductile failure mode. In
contrast, the fibres were more randomly distributed in the mould-cast specimens, which
led to their inferior deflection-hardening behaviour [60].
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Table 5. Flexural test results for SHGC made with different manufacturing processes and curing

temperatures.
First-crack First-crack Modulus of ~ Deflection at
Manufacturing Curing .
strength fior  deflection drop rupture peak load
process temperature

(MPa) (mm) MOR (MPa) OMOR (mm)

Casting Ambient 39+0.3 05+0.1 6.9+0.4 6.2+0.5

3D printing Ambient 43+0.1 0.6+0.1 8.0£0.1 10.2+0.3

Casting Heat 44+0.1 0.7+0.1 72+0.6 69+1.3

3D printing Heat 53+0.4 0.7+0.2 10.9+0.8 10.8+1.4

(a) - (b)

e
dlrctlon S

= Printing |
@ direction

g 200

Figure 18. SEM images of the fracture surfaces of 3D-printed SHGC specimens.

The significant difference in the dmor of mould-cast and 3D-printed SHGC specimens
was also due to their different MOR/frop ratios. Composite with higher MOR/fror ratio has
greater possibility to achieve better deflection-hardening behaviour, which leads to higher
Oomor of the composite [61]. Based on Table 5, the MOR/fror ratio of the 3D-printed
specimens cured at ambient temperature and elevated temperature were 1.86 and 2.05,
respectively, which were 5% to 25% higher than those obtained for the mould-cast
specimens (1.77 for ambient temperature curing and 1.64 for heat curing).

Table 6 presents the ductility index and average work-to-fracture of SHGC specimens
with different curing temperatures and manufacturing processes. The ductility of the
SHGC specimens can be evaluated by the ductility index dmor/dLor (i.e., the ratio of
deflection at peak load to first crack deflection) defined by Naaman and Reinhardt [62].
The average work-to-fracture of the SHGC specimens was determined from the area
under the flexural stress-deflection curves (Figure 17) up to the dmor. As shown in the
table, depending on the curing temperature, the ductility index of the 3D-printed SHGC
specimens was 37% to 56% greater than that of the mould-cast SHGC specimens, which
is because of the higher dmor of the 3D-printed SHGC specimens. The average work-to-
fracture of 3D-printed SHGC specimens was 106% to 138% higher than that of the mould-
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cast specimens, based on the curing temperature. These results clearly indicate the
significantly better flexural performance of the 3D-printed specimens to the mould-cast
specimens. The ductility index of the specimens cured at ambient temperature was higher
than that of the specimens cured at elevated temperature. However, the average work-to-
fracture of the SHGC specimens cured at ambient temperature was lower than that of the
counterpart heat cured SHGC specimens, which is due to the higher average fror, MOR
and their corresponding deflection values of the specimens subjected to heat curing. This
holds true regardless of the manufacturing process.

Table 6. Ductility index and work-to-fracture of SHGC with different manufacturing processes and curing

temperatures.

Manufacturing Curing Ductility index Work-to-fracture
process temperature ) (kJ/m?)
Casting Ambient 12.4 352+4.1

3D printing Ambient 17.0 724+14
Casting Heat 9.9 414+11.8
3D printing Heat 15.4 98.4+19.0

Figure 19 presents the typical cracking patterns of mould-cast and 3D-printed SHGC
specimens after unloading. Before making photographs, a small amount of water was
sprayed on the specimen to obtain clear visible cracks as shown in the figure. The cracks’
spacing observed on the mould-cast specimen was greater than that of the 3D-printed
specimen. In addition, the number of cracks observed on the mould-cast specimen was
significantly lower which corresponds to its lower deflection capacity compared to that of
the 3D-printed specimens. On the contrary, saturated multiple fine cracks were observed
over the mid-span of the 3D-printed specimen; see Figure 19b.

(a)

13 14 15 16 17 18, 49,2 21
'“I‘H"‘\IM-\‘I‘J!“ 0

Figure 19. Cracking patterns of (a) mould-cast and (b) 3D-printed SHGC.


https://doi.org/10.20944/preprints202203.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2022 d0i:10.20944/preprints202203.0335.v1

21 of 26

—_~
QO
~—

Figure 20 presents the tensile stress vs. strain curves for SHGC specimens made with
different curing temperatures and manufacturing processes. As can be seen in Figure 20,
regardless of the curing temperature, both mould-cast and 3D-printed SHGC specimens
exhibited strain-hardening behaviour with multiple fine cracks under uniaxial tension. In
addition, regardless of the manufacturing process, the tensile stress-strain curves of
ambient temperature cured specimens indicated a higher strain capacity due to the heat
curing.
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Figure 20. Tensile stress-strain curves of SHGC specimens made with different curing temperatures and

manufacturing processes.

Table 7 summarises the average first-crack strength ot ultimate tensile strength our,
tensile strain capacity eur and work-to-fracture of SHGC specimens made with different
curing temperatures and manufacturing processes. The last parameter was determined
from the area under the tensile stress-strain curves (Figure 20) up to eut corresponding to
out. Table 7 shows that depending on the curing temperature, the average ot and ou: of
3D-printed SHGC specimens were 26% to 48% and 12% to 21% higher than those of
mould-cast SHGC specimens, respectively. In contrast to the random distribution of fibres
in the mould-cast specimen, most fibres were aligned parallel to the direction of the
applied tension force in the 3D-printed SHGC specimens, leading to the enhancement of
the total crack-bridging capacity of the 3D-printed SHGC specimens. However, the
average eutt of the mould-cast specimens was slightly higher than that of the 3D-printed
SHGC specimens irrespective of the curing temperature. This can be due to more and
larger voids formed in the 3D-printed SHGC specimens compared with the cast SHGC
specimens; see Figure 21. Such voids are inevitably formed between layers and/or
filaments during the 3D-printing process [63], despite cautious control of printing process
and rheological properties of printing material [14]. In addition, the inclusion of short
PVA fibres also increases the possibility of air entrapped in the mixture during the 3D
printing process which results in more and larger air voids form in the 3D-printed
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specimens. Lower strain capacity of 3D-printed ECC specimens has also been reported by
Ye et al. [24, 25]. The average work-to-fracture of both mould-cast and 3D-printed
specimens was comparable. This holds true regardless of the curing temperature.

Table 7. Uniaxial tension test results for SHGC made with different manufacturing processes and curing

temperatures.
Ultimate Tensile
First-crack Work-to-
Manufacturing Curing tensile strain
strength ot ) fracture
process temperature strength our  capacity eur
(MPa) (KJ/m?)
(MPa) (%)
Casting 67.9 +
Ambient 27+0.1 3.4+0.1 21+05
16.8
3D printing Ambient 34+0.1 3.8+0.1 1.8+0.1 67.1+4.7
Casting Heat 25+0.2 3.3+0.1 0.8+0.1 23.6£2.6
3D printing Heat 3.7+0.1 4.0+0.1 0.7+0.2 248+7.6

(a) (b)

Air voids

Er o

I

Figure 21. Fracture surface of (a) mould-cast and (b) 3D-printed SHGC specimens after failure in uniaxial

tension test.

As can be seen in Table 7 for both manufacturing processes, the eur and work-to-
fracture of heat cured specimens were noticeably lower than those of the SHGC specimens
cured at ambient temperature. This result is opposite to the flexural test results. Figure 22
presents the typical cracking patterns of mould-cast and 3D-printed SHGC specimens
made with different curing temperatures. The number of cracks observed on the
specimens cured at the ambient temperature after unloading was significantly higher in
comparison to that of the counterpart specimens subjected to the heat curing. This is in
agreement with the high eu and work-to-fracture of the ambient temperature cured
specimens. In addition, regardless of the curing temperature, the number of cracks
observed on the 3D-printed specimens was significantly smaller than that of the mould-
cast specimens, corresponding to the slightly lower eut of the 3D-printed specimens. As
both flexural and tensile performances of SHGC are closely related to the matrix fracture
properties and fibre-matrix interface properties, further studies on micromechanics are
required to clarify the reasons of various tendencies observed in flexural and uniaxial
tension tests.
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Figure 22. Cracking patterns of SHGC specimens with different curing temperatures and manufacturing processes.

5. Conclusions

This paper focused on formulating a 3D-printable strain-hardening geopolymer
composite (3D-SHGC) exhibiting quasi-ductile behaviour in direct tension. First, the
matrix was optimised by investigating the influence of FA to GGBFS mass ratio on the
rheological properties and compressive strength of geopolymer matrices. The
compressive strength of the geopolymer matrices cured at different temperatures was also
measured. The printing performance and rheological properties of the developed 3DP-
SHGC with the optimum matrix were then evaluated. The mechanical properties (under
compression, bending and tension) of the 3D-printed and mould-cast SHGCs were
measured. The following conclusions can be drawn:

(1) The static yield stress, plastic viscosity and dynamic yield stress of the one-
part geopolymer matrix increased as the FA to GGBEFS ratio increased.

(2) The one-part geopolymer matrices cured at ambient temperature exhibited
higher compressive strength than that of the heat cured specimens. Among
the matrices investigated in this study, FA50 with the fly ash to slag ratio of
1.0 showed the highest compressive strength of 58.6 to 66.0 MPa depending
on the curing temperature.
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(3) The developed 3DP-SHGC mixture exhibited adequate extrudability and
excellent buildability which was corroborated by the rapid evolution of static
yield stress of the fresh material.

(4) The thixotropic recovery of SHGC was significantly reduced which is likely
due to the hydrophobic character of the oil coated PVA fibres used in this
study.

(5) The compressive strength of the 3D-printed SHGC was in the range 42.3 to
58.2 MPa, based on the loading direction and temperature of curing. The 3D-
printed SHGC showed 6% to 25% lower compressive strength than that of
the mould-cast SHGC, based on the loading direction and temperature of
curing.

(6) The compressive strengths of 3D-printed ambient temperature cured SHGC
in perpendicular, lateral and longitudinal directions were 24%, 25% and 12%
higher than those of the 3D-printed heat cured SHGC, respectively.

(7) Both the mould-cast and 3D-printed SHGC showed deflection-hardening
behaviour with numerous fine cracks when tested in bending irrespective of
the curing temperature. The fror, MOR and their corresponding deflection
values of the 3D-printed SHGC were significantly higher than those of the
mould-cast SHGC. Moreover, the heat cured SHGC exhibited higher frop,
MOR and their corresponding deflection values than those of the counterpart
SHGC cured at ambient temperature.

(8) Both mould-cast and 3D-printed SHGC exhibited strain-hardening
behaviour with numerous fine cracks under uniaxial tension. This holds true
irrespective of curing temperature. The ot and out of 3D-printed SHGC were
26% to 48% and 12% to 21% higher than those of mould-cast SHGC,
respectively. However, the eur of the mould-cast SHGC was slightly higher
than that of the 3D-printed SHGC due to large air voids formed in the 3D-
printed SHGC. Furthermore, regardless of the manufacturing process, the
tensile strain capacity of heat cured specimens (0.7% to 0.8%) was notably
lower than that of the SHGC cured at ambient temperature (1.8% to 2.1%).
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