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Abstract

Additive manufacturing is a recent revolution in the construction field since cementitious
materials became printable. This extrusion technique has enabled the construction of very
complex geometry with a reduction in costs, time and labour interventions. This study aims to
evaluate the possibility of reinforcing 3D printable cementitious composites with the use of
nano and micro materials, particularly nano silica, micro silica and microfibrillated cellulose
(MFC) which are known for their ability to enhance the fresh and hardened properties of
cement-based composites. Rheology property test, flowability and mechanical properties are
the types of tests performed to evaluate the fresh and hardened properties of mortar
modified with the rested additives. The results show the addition of MFC of 0.4% (of total solid
matter) can significantly enhance the mechanical property. In addition, the presence of MFC
(at 0.4% of total solid matter) can reduce the pressure required to extrude the mortar,
enabling a steady state extrusion. It was also found that 1% nano silica addition significantly
improves the mechanical properties and minimizes segregation in the failure surface.
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1. Introduction

3D printing is an automation technique that recently aims to solve many problems associated
with the construction industry. The first attempts in using cement-based materials for additive
manufacturing were made by Pegna in 1997 [1]. Additive manufacturing with cement-based
materials is a new technology that facilitates the construction process and adds many advantages
to the construction field such as eliminating the construction cost by reducing the time-consuming
processes from using the conventional method [2], enhancing the design flexibility of building
shapes and their structural elements, and improving the environmental and safety aspects of the
structures. The possibility of reducing the number of formworks in the construction offers a major
advantage in the concrete structure since the formwork represents around 35% of the total
construction cost [3, 4]. In addition, the process of formwork assembly is labour intensive. The
technology of 3D printing has the potential to overcome these challenges besides reducing material
wastages and the amount of labour needed to accomplish a project [5-7]. The shift toward additive
manufacturing is necessary since it has superior advantages over conventional construction
techniques as well as improving design and architectural freedom by designing flexible shapes of
structural components and reducing labour intervention in the construction process which can
significantly reduce the workplace accidents.

Although there are different factors that affect the properties and printability of the concrete
mixtures, the mixture composition has a great influence on the final properties of 3D printed
concrete. For instance, the size of aggregates is an influential factor in the final strength of printed
concrete but there are considerations to use up to a specific size allowing the printing process.
Mostly fine particles are used for many different mixes of concrete when 3D printed. This limitation
is associated with the size of the nozzle and the capability of the machine to continuously extrude.
The maximum size of sand particles that have been used in the majority of studies is not more than
2 mm [3, 8] but in some cases, aggregates up to the size of 10mm are used [9].

The presence of additives which can provide additional features to the mixes is crucial. Additives
are added to the mortar in a low dosage, but they provide numerous positive benefits for the
resulting fresh and hardened concrete. In this context, the availability of additives plays an
important role in 3D printing of concrete. In research performed by Le et al. [10, 11], the effect of
different additives such as fly ash, fibre and silica fume on the mechanical properties of concrete
was investigated. Generally, open time and setting can be controlled using superplasticizer, retarder
or additives [12]. In order to improve the workability of concrete for example, the potential chemical
admixture option is water-reducing agents known as plasticizers or for a quick set which is needed
in 3D printing, the mixture should contain accelerator agents.

Modifying cement composite with nanoparticles and microparticles is widely used in practical
applications. Using nano silica as an additive in concrete attracts many researchers’ attention due
to the similarities in chemical compositions between nano silica and concrete and its ability to
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enhance the properties of cement composites. Likewise, micro fibre materials can be added to
enhance the extrudability behavior and improve flowability. In addition, additives are often used to
reduce the environmental impact of concrete. In terms of reducing carbon dioxide footprint,
microfibrillated cellulose (MFC) is sustainable and environmentally friendly as well as helping to
improve the mixture by decreasing bleeding and segregation. Cao et al [13] found the presence of
cellulose nanocrystals in cement composite can increase the flexural strength of paste and this
feature can minimize the formation of cracks induced with the matrix or between the printed layers.
Additionally, it has been reported that cellulose materials can affect the hydration process [14]. The
study performed by Fu et al. [15] showed cellulose nanocrystals increase the cement hydration from
5-20% depending on the types of cement. In another investigation, an experiment was performed
to improve the fracture characteristics of concrete; initial results illustrated that the increase of
micro-and nanofibers in combination to 3% increased the fracture energy by more than 50% [16].

Microfibrillated cellulose is found to be one of the best materials for preventing crack growth
which is one of the major issues in 3D printing of concrete however the mechanical properties of
such mixtures need to be investigated. Therefore, the initial purpose of the study was to determine
the optimum w/c ratio that is suitable for 3D printing and the ultimate aims were to investigate the
effects of nano and micro additives on the printability and mechanical properties of the
cementitious composite.

2. Materials and Methods
2.1 Design Mix and Proportions

Mortar mix consists of cement, sand and water. Three types of additives were chosen to be
tested: Nano silica (N.S.), Micro silica (M.S.) and microfibrillated cellulose (MFC). Microfibrillated
cellulose (Exilva P 01-L) was provided by Borregaard at 2 wt% solid content. Initially, the influence
of superplasticizer was investigated with different water to cement ratios. Superplasticizer was used
in all mixes since it improves the flowability behavior. Cemix, a commercially available plasticizer
was purchased from a domestic supplier and used in this study. The initial investigation was to study
the manual extrudability of the pastes through a syringe nozzle of 5.5 mm diameter. This method
helped determine the optimum water to cement (w/c) ratio to be considered to proceed with the
remaining experiments. The ratio of w/c, cement to sand and superplasticizer amount was kept
constant for all samples. Water to cement ratio was 0.39 and the cement to sand ratio was selected
with 3 as a base mix and then different concentrations of additives were added to produce different
mixes. Prior to the experiment, the sand used in the study was sieved through a 0.5 mm sieve to
avoid clogging in the nozzle.

Table 1 shows the mixes and their proportions. All dry materials were mixed with mixer for 30
seconds, while water was mixed with superplasticizer then two-thirds of the liquid content was
added to the dry matter and mixed for approximately three minutes. After that, the remaining liquid
was added and mixed for two minutes. Sample 1 had no additive added and, was used as a reference
sample. For samples 2 and 3, N.S. was added to 1% and 3% of cement mass. Micro silica was added
in sample 3 of 1% of cement mass. For mix 5 and mix 6 MFC was added at 0.4% and 0.73% of the
total solid matter was added respectively. All mixes used in the experiments are summarized in
Table 1.
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Table 1 Mixes and their proportions.

Cement-to- Water-to-

Superplasticizer

Amount of additive

S | Additi
amples sand ratio binder ratio (ml) Hve (%)
Control 3 0.39 2 0 0
1% N.S. 3 0.39 2 N.S. 1
3% N.S. 3 0.39 2 N.S. 3
1% M.S. 3 0.39 2 M.S. 1
0.4% MFC 3 0.39 2 MFC 0.4 (solid matter)
0.73% MFC 3 0.39 2 MFC 0.73 (solid matter)

2.2 Characterization of Particles

The morphology of additives along with cement and sand was determined using scanning
electron microscopy (SEM; Hitachi S-4700). Briefly, the dried particles were placed on sticky carbon
tape and attached to the aluminium stub then the samples were platinum coated using a sputter
coater (Hitachi E1030) to minimize the image disturbances. Finally, the samples were inserted into
a high vacuum chamber and imaging was performed at 15 kV.

2.3 Fresh State Properties Tests

After preparing the fresh mixes, the slump test and rheology tests were conducted. A flow table
test was done based on ASTM 1437-16 [17], to study the workability and flowability behavior of the
mortars. It was performed using a slump cone with a size of 100 mm bottom diameter and 70 mm
top diameter that was placed on the flat plate as shown in Figure 1a. The mix was poured into the
cone up to half the height and then compacted by tamping 20 times to ensure uniform filling of the
mold. The second layer was added until the cone was filled, and tamping was applied as well. The
cone then was lifted, the flat plate was dropped and then the spread diameter was measured from
two directions as in Figure 1b.

Figure 1 a) Slump test tools and b) spread diameter measurements.
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2.4 Rheology

Extrudability is known as the capacity of the mortar to be extruded and is assessed from syringe
test data. To study the extrudability of the mixtures, a set up as shown in Figure 2 was used. The
rheology test was performed using an Instron machine, the syringe was filled with the mix for up to
60 mm and compacted to avoid air which might affect the pressure readings during the extrusion.
It was attached to the machine and two different speeds were tested. Figure 3 shows that the piston
was set to move with a speed of 4 mm/s from the displacement 0 to 15 mm and then with 2 mm/s
speed from displacement 15 to 30 mm. The resulting load readings were then used to calculate the
total pressure applied to the samples. The average pressure formula for a predefined moving
velocity is given in equation 1:

_4F
D2

(1)

where F is the average force at the performed speed with the pressure and D is the diameter of the
syringe.
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Figure 2 Set up used for extrudability experiment.
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Figure 3 Piston moving velocity versus displacement.
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2.5 Hardened State Properties Tests

Samples were prepared for compressive and splitting strength tests which are the two main
mechanical properties tests for cementitious materials. The tests were done by compacting the
mortar inside molds of cylindrical shapes with a nominal diameter of 32 mm and 60 mm height.
Three molds were prepared for compressive strength and the other three for the splitting test at 7
days and 28 days. The samples were left for 24 hours to dry before they were demolded then they
were placed in a moist condition to be cured for 7 and 28 days to be tested accordingly. A
compressive strength test was conducted based on ASTM C109-16 [18] while a splitting tensile
strength test was done following ASTM C496-16 [19].

3. Results and Discussion
3.1 Characterization

To observe the morphology of particles, they were analyzed using SEM. Figure 4a shows the SEM
micrograph of sand used in the mixes. Generally, the sands were irregular shapes and had a size of
less than 50 um. Figure 4b represents the micrograph of cement particles which were significantly
smaller than the sand particles. As shown in Figure 4c, N.S. particles were in a range size of 10-20
nm. Figure 4d shows the average particle size of M.S. from SEM which is about 10 um.

Figure 4 SEM micrograph of (a) sand (b) cement (c) N.S. and (d) M.S.
3.2 Preliminary Study

Six different w/c ratio experiments were performed to determine the most feasible ratio suitable
for printing purposes. Water to cement ratio was evaluated at different values 0.33, 0.36, 0.37, 0.39,
0.4 and 0.42. The ratio of cement to sand and the amount of plasticizer were kept constant
throughout these experiments. Figure 5a shows the samples extruded from the syringe to test by
hand how smoothly it flowed. Figure 5b shows the samples after one day being left to dry and
harden.

As expected, using higher water to cement ratio than 0.4 made the sample flow more easily and
difficult to handle. Using 0.33 and 0.36 of w/c ratio required more pressure applied to extrude the
mortar out of the nozzle and was not smoothly extruded, therefore the water content was not
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sufficient to ease the flow of the mortar. The optimum w/c ratio was noticed in 0.39 mix, the mortar
was extruded continuously and with relatively moderate pressure applied to extrude the mortar.
Therefore, this ratio was chosen to be constant and applied to all samples to achieve proper results
regarding strength of the samples based on the additive added.

Figure 5 Visual inspection of extruded material for different w/c ratio at (a) first day and
(b) second day.

3.3 Workability Test

The workability test is conducted to investigate the flowability behavior of the mixture. Typically,
there are two types of geometrical measurements that can be taken as a result of the test: the
difference between the initial and final height of the flow which is called the slump and the spread
diameter which is known as slump flow. Figure 6 shows the values of the spread diameter for
different mixes. It was noticed that adding the three types of additives overall decreased the
flowability of the mortar compared to the control sample. As the N.S. content increased in the
mixture, the workability decreased. A similar study was performed with a 0.4 water to binder ratio
and a similar percentage of N.S. which resulted in a reduction in the workability of cement-based
composite [20]. The slump flow of the control fresh sample was 205 mm which was significantly
dropped by adding 1% and 3% of N.S. by 75 mm and 90 mm respectively. This decrease in slump
flow when adding N.S. was explained by Yu at al. and the addition of N.S. will increase the sample’s
demand for water, thus the probability of lubrication of water with interparticle voids decreases
which result in an increase of yield stress and plastic viscosity of cementitious composites [21]. In
terms of MFC, the mixture with 0.4% resulted in a higher spread diameter as compared to the 0.73%
mix. It was found that the increase of MFC caused a reduction in the workability of the mixture due
to the lack of water in the mixture as cellulose fibres are classified as hydrophilic, and they tend to
absorb water while mixing [22].

200

uln

Control 1% N.S. 3% N.S. 1% M.S. 04% MFC 0.73% MFC
Mixes

= =
(=1 w
o (=]

Spread diamter (mm)

w1
(=1

Figure 6 Results of spread diameter of all mixes.
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3.4 Rheology Behavior

Rheology behavior is strongly dependent on the extrudability of the mixes. The syringe test or
rheology test is used to test the flow properties of the paste. This test is essential as many factors
depend on it such as durability, strength and consolidation [23]. The mixes were filled inside the
syringe for up to 60 mm and compacted with a steel rod. Two different speed setups 4 mm/s for 0
to 15 compressive extension and 2 mm/s for 15 to 30 mm were used. For most samples, the
extrusion was performed four times. When the samples were ready, they were attached to the
Instron machine to test their extrudability. Figures 7a-f show the output data from rheology
experiments from Instron. The average pressure was calculated for each case for 0 to 15 mm
extension which was under 4 mm/s extrusion speed and 15 to 30 mm extension under 2 mm/s and
was compared.

The overall trend of the relationship between extrusion speed and total pressure was noticed
from the graphs. When the speed was reduced from 4 mm/s to 2 mm/s the required average
pressure decreased. For the control mix, the pressure required for the extrusion for up to 15 mm
extension was calculated as 52.12 kPa (Figure 7a) while the average pressure over 2 mm/s speed
was 49.9 kPa. The sample was extruded very smoothly; the extruded layers were relatively stable.

With 1 % N.S. and 3% N.S. in Figure 7b-c, the mixes experienced segregation and they were
relatively dry compared to the control sample; however, the total pressure versus one compressive
extension for 3% N.S. was off the trend and the extrusion was not very smooth. The average
pressure under 4 mm/s extrusion speed was 70.8 kPa and 204.4 kPa for 1% N.S. and 3% N.S.,
respectively. The values were 67.65 kPa for 1% N.S. and 335.2 kPa for 3% N.S. under 2 mm/s
extrusion speed. Figure 7d shows the results of adding 1% M.S. The mix was wet and not stable
although the average pressure was 84.84 kPa and 84.32 kPa for 4 mm/s and 2 mm/s, respectively,
so it did not show much difference of average pressure between the two different speeds.

An experiment was performed using the aggregates (maximum size of 4 mm), with two w/c ratios
of 0.45 and 0.60 to evaluate the effect of MFC on concrete properties [24]. This study suggested
that the addition of MFC influences the need of superplasticizer. The amount of superplasticizer
used was restricted to be 2ml for all mixes however and this suggests the dose of SP to be 1% of the
cement weight. The mentioned study stated that as MFC doses increase in the mixture, the plastic
viscosity increases accordingly. The optimum extrusion was achieved when using 0.4 % MFC. As it
can be seen in Figure 7e, the mix was well extruded and buildable as the layers seemed to support
themselves. The average pressure for 4 mm/s and 2 mm/s was 56.3 kPa and 57.93 kPa, respectively.
If the mixture does not have enough superplasticizer dosage, the mixture will tend to be stiff [24].
Therefore, among all the mixes, 0.4% MFC was the most suitable mix for the extrusion technique of
a 3D printer as it had the smallest extrusion pressure at both rates; values close to the control
sample extrusion pressure. Moreover, it exhibits the most stable shape, therefore that is a sign that
adding MFC can improve the rheology behavior.
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Figure 7 Output data from extruding a) control mix b) 1 % N.S.c) 3% N.S.d) 1 % M.S. e)

0.4 % MFC and f) 0.73 % MFC.
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3.5 Mechanical Properties

Concrete and mortar are usually strong in compression and weak in tensile therefore they are
typically reinforced with steel to enhance their tensile strength. The compressive and splitting
tensile strength tests were carried out at 7 days and 28 days. As was expected, the results of
compressive strength and splitting strength showed an increase from 7 days to 28 days showing a
reasonable strength development. Generally it is known that a lower w/c ratio would result in higher
strength [24]. The results displayed in Figure 8 show the average compressive strength at 7 and 28
days. Theoretically, the compressive strength of concrete at seven days is two-thirds of the
compressive strength at 28 days. Practically, it may increase more than 66% if an appropriate
proportion of components and appropriate curing of the concrete were carried out. This rule was
achieved with the addition of 1% of N.S., 0.73% and 0.4% of MFC to the mortar.

20.00
— D7 days [@28 days
= o
< 16.00
= __
-+ —
< 12.00 e
w ' - —
E . .
QG
= 8.00
a
Z
= :
£ 4.00 _
Q
U H

0.00 - A
Control 1% N.S. 3% N.S. 1% M.S. 04% MFC 0.73% MFC
Mixes

Figure 8 Average compressive strength values.

The optimum increase in compressive strength was achieved when using 0.4% of MFC and a
significant increase of 185% of compressive strength at 28 days was observed in comparison with
the 7 days strength. It can be noticed that the increase in the dose of MFC would result in a decrease
in the compressive strength. It was studied that the type of fibril has a slight effect on mechanical
properties. The fine fraction type resulted in a slight increase in contrast with the coarse type [24].
In another study, an investigation was performed using MFC with the cement to sand and w/c ratios
of 0.41 and 0.53 respectively, and coarse aggregates size of 12.5mm. This study was undertaken to
examine the effect of MFC percentage (0.25% and 0.5%) on the concrete properties. It was noticed
that the small percentage contributed to the most rise in peak load; this reduction in the load
capacity with the MFC was reported to be caused by the poor dense structure resulting from the
process of fibril mixing in the concrete [22].

However, 1% N.S. displayed the highest compressive strength after 28 days of curing and had an
increase of 67.05% at 28 days compared to 7 days. Similarly, it was found the ultimate strength of
concrete will be equivalent to the same percentage of N.S. used and other studies showed 1% of
MFC results in higher strength than N.S. [16, 25]. On the other hand, M.S. experienced only an
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increase of 18.5% of its compressive which is considered relatively low compared to the control mix
which had a 29.07% increase.

Figure 9 shows the splitting tensile strength of all mixes. Splitting tensile strength is very weak in
concrete, pastes and mortars due to their brittle nature. They develop cracks as soon as the tensile
forces exceed their tensile strength. From visual inspection of the failure, surface of samples failed
due to compression. As it can be seen from Figure 10, all of the specimens’ surface failures are due
to compression. In addition, it was noticed that microparticles such as M.S. and MFC can produce
voids or segregation inside the failure surface which might indicate that those samples require more
mixing to avoid air void.

5.00
@7 days @28 days

-3 4.00
2
E, 3.00
=
@
7]
o 2-00
£
=
% 1.00

0.00

Control 1% N.S. 3% N.S. 1% M.S. 04% MFC 0.73% MFC
Mixes

Figure 9 Average splitting tensile strength values.

Figure 10 Surface failure due to compression a) control b) 1% N.S. c) 3% N.S. d) 1% M.S.
e) 0.4% MFC and f) 0.73% MFC.
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4. Conclusion

The ideal mortar we aimed to achieve was the one which combines better flowability,
extrudability and mechanical properties among the other mixes tested. Each of these tests was
conducted and the results were evaluated for each mix and a comparison was established between
them. Lower slump diameter was achieved with the addition of 3% N.S. however the lower average
pressure when extruding the mixes was obtained when adding 0.4% of MFC. Moreover, this
exhibited the most stable layers. The largest increase in compressive strength was observed when
adding 1% N.S., 0.73% MFC and 0.4% MFC. On the other hand, M.S. did not show noticeable
improvements in mechanical properties. We can conclude that the optimum mix was achieved with
0.4 MFC; it proved that it enhances the flowability behaviors, extrudability as well as mechanical
properties. In addition, it provides an opportunity to shift into a more sustainable option that can
add value to the products.
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