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Abstract: Developing suitable concrete formulations for 3D printing can be challenging due to the
number of parameters involved in the printing process, such as the system's specifications, the design
choice, and the material's rheological behaviour. To tune the mixes' rheology for 3D printing, researchers
often employ superplasticisers and viscosity-modifying admixtures (VMAs). However, rheology is also
affected when incorporating lightweight aggregates containing open cells at the surface, which uptakes
water. To date, it is unclear to what extent these admixtures' content and the additional water provided
to pre-soak these aggregates affect the rheological behaviour of a 3D printed mortar. Based on 23 full
factorial-designed experiments, the flow behaviour of low cement mortars with supplementary
cementitious as binders and cork granules as an aggregate is assessed by measurements of plastic
viscosity and yield stress with varying admixtures and water uptake content. The experimental analysis
provides two empirical modes to predict plastic viscosity and yield stress that account for factors' main
influence and interaction. A printing trial with optimised mixes shows that superplasticiser is the most
critical factor affecting printability (among the three factors studied). The successful printing of mortars
with scattered combinations of yield stress and plastic viscosity showed that the yield stress governs
the extrudability behaviour. In contrast, changes in the plastic viscosity have not impacted the printing
quality as much.

Keywords: 3d printing mortars, Design of Experiments, Rheological behaviour, Admixtures,
Lightweight aggregate.

1. Introduction

The challenge of successfully developing a 3D printable concrete demands tunning the rheological
behaviour of concrete with the printing process parameters, including mixing, pumping and layer
deposition speed. To ensure an adequate flow of fresh concrete through the system (pump, hose,
nozzle) and allow for a high-quality extrusion, researchers often employ chemical additives such as
high-range water reducers (HRWA), superplasticisers (SP) and viscosity-modifying admixtures (VMA)
to adjust rheological properties. Researchers commonly acknowledge that printable materials for the
short pumping/feeding deposition phase behave roughly as viscous-plastic Bingham material (1). When
submitted to stress higher than a threshold 7 called yield stress, the material flows displaying a viscous
behaviour of shear stress linearly proportional to the shear rate through the constant 1, named plastic
viscosity.

The yield stress is the energy required to break down a network of interparticle interactions bonded by
attractive Van der Waals and colloidal forces whose strength depends on the cement particle's distance.
In the presence of a superplasticiser, these interparticle forces become repulsive, decreasing the
cement suspension's yield stress (2). To control the stability and cohesion of concrete, viscosity-
modifying admixtures are employed to increase the apparent viscosity of the aqueous solution through
the following mechanisms: bridging flocculation, polymer-polymer association, entanglement, and
depletion flocculation. Since in applications such as 3D printing, it is necessary to meet contradictory
rheological requirements, particularly high fluidity during pumping and high viscosity at rest, to avoid
segregation, a combination of superplasticiser and VMA is desired. Because the chemistry and mode
of action of the two types of admixtures differ, there may be practical issues with incompatibility. For
instance, VMAs may compete with superplasticisers for the ability to attach to the cement particles,
decreasing cement's ability to disperse (3). The water-to-binder ratio (w/b) also changes cement paste
yield stress and viscosity, as a higher w/b ratio is associated with lower yield stress. The rheological
behaviour of the mortar is also susceptible to the aggregate type, particularly the density difference
related to the use of lightweight aggregate. The open cells at the surface of these aggregates, which
confer them a low weight, also take free water from the system, ultimately leading to fluidity loss in the
mortar when corrective measures are not taken. The rheological behaviour of the mix change when
lightweight aggregates are incorporated due to an increase in effective water content caused by the
water uptake from the aggregates' cellular structure.



While the impact of these admixtures on the rheological properties of concrete is an object of extensive
research, it is unclear to what extent their interaction with saturated lightweight aggregate affects the
rheological aspect of lightweight mortar in 3d printing processes. This study examines the influence on
the rheological profile of mortars of using two admixtures: a superplasticiser (0.25 - 0.50%wt) and a
viscosity modifying admixture (0.05 - 0.10%wt) and varying the uptake of water when using cork
granules (100 - 200%wt) as a fine aggregate replacement. Based on full factorial designed experiments,
the rheological behaviour of low-cement mortars using Granulated Blast Furnace Slag (GBFS) (60%wt),
Silica Fume (10%wt), and Portland Cement (20%wt) as binders and cork granules as an aggregate is
assessed by measurements of plastic viscosity and yield stress with varying admixtures and water
uptake content. This work offers insights into what extent a superplasticiser, a viscosity-modifying
admixture, and the water uptake of a lightweight aggregate can influence the rheological behaviour of a
lightweight aggregate mortar for 3D printing.

2. 23 Full factorial-designed experiments
2.1. Factor levels

The objective of the experimental campaign is to obtain an answer to specific questions. For example,
what is the effect of modifications in water content to saturate lightweight aggregate and variations in
VMA content on the optimal dosage of SP to evaluate the robustness of this dosage? And what is the
optimal setting of factors to maximise the yield stress and minimise the plastic viscosity with minimum
slump off and minimum tearing of filament during printing? These optimal dosages depend on each
factor's contribution and their interactions. The magnitude to which the yield stress and plastic viscosity
are affected can be hard and time-consuming to estimate without a designed experiment. Therefore,
this study employs a two-level statistical design to study the effect of superplasticiser, viscosity-
modifying admixture, and water absorption (WA) content of a lightweight aggregate on mortars' yield
stress and plastic viscosity.

Table 1 presents the 22 full factorial designs with the 8 combinations of each factor either in its minimum
(-1) or maximum (+1) level according to coded units, in the standard order. Further runs performed in
the centre point allow for estimates of the accuracy of the model and signal any discrepancies in the
linearity of the response (4). Thus, three additional centre points (mix 9 to mix 11) with factors at their
intermediate level are also provided. Actual factor levels are converted to coded values according to the
following formula: Code = (Actual value — Centre value) /(0.5 x (Max value - Min value)), where Code
stands for the coded value, Centre value is the actual value at the centre of the given interval between
the Max value and the Min value, and the Actual value is the number to be inputted.

A polycarboxylate ether-based superplasticiser oscillates between 0.25%wt binder (low level) and O.
50%wt binder (high level). At the same time, a methyl Hydroxyethyl cellulose viscosity modifying
admixture assumes a shorter range varying from 0.05 %wt binder at low to 0.10 %wt binder at high
level. Additionally, the water uptake content of a lightweight aggregate equivalent to 5 minutes saturation
assumes the lowest value of 100%wt aggregate and the highest value of 200%wt aggregate.

Table 1. Factor levels employed in each run are presented in the standard order with their
respective responses.

Mix n° Coded Factor Factor levels Responses
levels
Water
Superplasticiser VMA | saturation | Yield I?Iastlp Bigham
Standard order | SP | VMA | WA (%wt binder) (%wt of LWA | stress | viscosity Model R2
binder) (Yowt (Pa) (Pa.s)
cork)
1 -1 -1 -1 0.25 0.05 100 584 281 0.9805
2 1 -1 -1 0.5 0.05 100 75 212 0.9965
3 -1 1 -1 0.25 0.1 100 482 286 0.9947
4 1 1 -1 0.5 0.1 100 239 467 0.9952
5 -1 -1 1 0.25 0.05 200 292 10 0.6379
6 1 -1 1 0.5 0.05 200 18 26 0.9779
7 -1 1 1 0.25 0.1 200 323 27 0.8721
8 1 1 1 0.5 0.1 200 45 75 0.9868
9 0 0 0 0.375 0.075 150 192 154 0.9946
10 0 0 0 0.375 0.075 150 131 180 0.9953
11 0 0 0 0.375 0.075 150 155 98 0.9951




2.2. Materials

A ternary binder composed of Ordinary Portland Cement | 42,5 N (20%wt), Granulated Blast Furnace
Slag (60%wt), Silica Fume (10%wt), and fillers Limestone (20%wt binder), ultra-fine sand 0-125 ym
(17%wt binder) and cork granules of 500-1000 ym (5%wt binder), 1000-2000 ym (1.5%wt binder), and
cork 2000-4000 um (1.5%wt binder) make up for the dry components. A water-to-binder ratio (w/b) of
0.36 was employed for minimum workability. The mix design was based on the particle packing model
(PPM) of Andreasen & Andersen modified (A&A) (5), in which a selection of well-graded components
allows for a compact matrix. Via an optimisation algorithm that employs the least square method, the
optimal particle size distribution of the intended design approximates the target function. The model has
as an input the minimum (Dy,;, = 0.0115 pm) and maximum (Dya.x = 4000 pm) particle size of the raw
materials, and a distribution modulus (q) of 0.27 that has been chosen due to its acknowledged benefit
on the consistency for self-levelling and 3D printing materials' designs (6, 7). Targeting a denser packing
fraction offers the advantage of reducing the amount of fines, such as cement, and improving the
workability since more water becomes available to act as a lubricant between the particles. Increasing
the lightweight aggregate content, such as cork granules, lowers the composite density, ultimately
reducing self-weight and thermal conductivity. Varying contents of a polycarboxylate ether-based
superplasticiser (35%wt solid content), a methyl hydroxyethyl cellulose viscosity modifying admixture
(Tylose MHS 15002 P6) and water of lightweight aggregate equivalent to 5 minutes saturation (WA) are
employed to determine their effect on the yield stress and plastic viscosity of lightweight mortars for 3D
printing.

2.3. Methods

Mixes were prepared in a Hobart A200 - N planetary mixer at a constant low speed of 60 rpm by mixing
binders and fillers for 2 minutes, adding superplasticiser diluted in kneading water over 1 minute and
continuously mixing for 3 minutes. The pre-saturated cork with equivalent water content correspondent
to the run is gradually incorporated into the slurry for 1 minute. At the final stage, the VMA is powdered
in bulk and mixed for an extra minute until homogenous. The total mixing time after the addition of water
is 5 minutes. After mixing, the bulk is transferred to the rheometer's vessel no later than 2 minutes when
the measurement starts. A rheometer test program begins with a 5 rpm rotation speed to break up some
restructuration of the material that could have occurred in the transportation from mixing to the
rheometer vessel. The material is pre-sheared for 30 seconds, followed by 30 seconds at rest. Only
then the test follows up with a 2 rpm step increase every 20 seconds up to 20 rpm. Once it reaches the
top, the rotation speed decreases to 2 rpm. When using a rotational rheometer with the vane apparatus,
the measured torque T(N.mm) and rotational speed {2 (rpm) are correlated to the shear stress and shear
rate using the formulas below, respectively:

T
= 2nR%H, (1)
. 2R

Y=R-R ()

Where Hy, R;, R, are the vane's geometry, the height of 69 mm, internal radii and the vessel's external
radii, 34.5 mm and 82.5 mm, respectively. The Bingham model describes the expected viscoelastic
behaviour of mortars (1), of which the shear stress () Pa can be linearly correlated to the shear rate (y
)Pa.s, given the yield stress (7o) Pa and the plastic viscosity (1) Pa.s of the material by the equation
T="1To+ uy.

3. Influence of admixtures and water absorption of LWA in the rheological properties

3.1. Data analysis

The flow behaviour of compositions obtained by the vane rotational rheometer test is depicted in Figure
1. The Bingham model used to describe the expected viscoelastic behaviour of mortars, given the yield
stress (7p) Pa as the linear intercept, and the plastic viscosity (1) Pa.s as the slope is in good agreement
with the mortar's flow behaviour. The shear stress growth as an increase in shear rate shows a strong
linear relationship, given the R2 close to 1 except from mix 5. It can be observed that changes in the
factor levels do affect the mortar's rheological flow, as demonstrated by variations in the yield stress and
plastic viscosity. For instance, when low WA content is coupled with low SP content, as in mixes mix 1
and mix 3 it results in higher yield stress than when both WA content and SP are high (mix 6 and mix
8). The influence of VMA when going from low to high level seems less significant in those mixes.



However, when SP is high and WA content is low, an increase in VMA positively impacts the yield stress
(mix 2 and mix 4). The same seems to happen when WA is at a high level (mix 5 and mix 7), suggesting
that the effect of VMA can be confounded with the WA content. The impact of SP in the plastic viscosity
and the interaction SP with VMA is of interest since at ascending range of SP, the plastic viscosity
increases (mix 1 to mix 2) and when coupled with an increase in VMA (mix 3 and mix 4). On the contrary,
an increase in the WA content seems to drastically decrease the plastic viscosity (from mix 5 to mix 9).
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Figure 1. Mixes' shear stress vs. shear rate response approximates the Bigham model well.
3.2. Yield stress

The influence of each factor on the yield stress is displayed in Figure 2(a) by the main effect plot. As
expected, doubling the addition of superplasticiser caused the yield stress to drop significantly due to
its dispersing effect on the cement particles. By becoming negatively charged, cement particles with
superplasticiser adsorbed onto the surface start repelling each other, increasing their interparticle
distance and reducing fluid resistance to shearing (8). Similarly, the WA content absorbed into cork
granules' surface increases the total free water in the cementitious media, causing the spread of solid
particles. However, to a lesser extent than the superplasticiser, it can be seen in a lower variation in
yield. The VMA shows an antagonist behaviour than SP and WA. Opposingly, the VMA behaves as a
flocculating agent in which the hydrating cement particles adsorb into the semi-polymeric chains that
compose VMA chemical structure, clustering the solid cement particles and bringing them closer (3).
The fluid faces a slightly greater resistance to overcome imposed shearing stresses due to the pulling
chemical forces between cement particles. Considering the low VMA content applied in this study, its
influence is much smaller than the magnitude of SP and WA effects. The interaction plot matrix (Figure
2.b.) shows how the interaction of two process parameters affects the yield. Being each row
correspondent to one factor at its low (dashed line) and high (solid line) level and each column the
variation in the level of another factor, the effect in the response is given by the line slope. The first row
displays how the response varies when SP content is at a low (dashed line) or at a high (solid line) level
for changes in VMA (second column) and WA (third column). The decrease in yield stress when SP is
at -1 (0.25%wt) and VMA goes from low to high level, compared to an increase in response when SP is
at +1 (0.50%wt), shows that these two factors are interacting significantly.

On the contrary, the response variation seems less dependent on the interaction SP and WA since the
lines depicting average yield are almost parallel. This demonstrates that changing the WA content from
low to high causes a similar approximate drop in yield at both SP levels. Likely, the VMA and WA
interaction can be deemed insignificant since changing WA when VMA is at a low and a high level
results in a similar variation in yield.

Three additional centre points were provided in the data set to check whether there was a lack of fit for
a first-order linear regression. The additional information for intermediate SP, VMA and WA levels
suggests that a quadratic term for SP content is more accurate in predicting the yield response, although
further experiments should be performed at intermediate levels of VMA and WA at the extremes of the
tested region to confirm this hypothesis. However, given the stronger influence of the superplasticiser
in the yield stress, it is reasonable from the material's behaviour perspective to assume that the quadratic
term occurs at the SP main effect. The existence of a quadratic effect means that the effect of
superplasticiser on the yield stress depends on its own level. Having identified the significant main and
interaction effects which influence the yield stress, a 2" order model to predict the yield stress is given
in coded units as follows:

To(Sp.Yma,Wa) = Bo + B1(Sp) + Bz3(Wa) + B12(Sp X Vma) + B11(Sp)? + € 3)



To(SpVma,Wa) = 159.33 - 163Sp - 87.75Wa + 32.755p X Vma + 97.92 Sp* + € (4)
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Figure 2. Effects plots of admixtures and water absorption content on the Yield.

Where fo is the predicted yield stress in Pa, Sp is the superplasticiser content, the VMA is the viscosity
modifying admixture, and WA is the water absorption by cork in coded values. The 1 and 3 are the
regression coefficients associated with SP and WA content and Sy is the average response. The
regression coefficient f1, corresponds to the interaction between SP and VMA. The term 'e' is the
random error component of 54.47 (Pa), which is approximately normal and independently distributed
with mean zero and constant variance a2. The model has good accuracy, given its p-value of 6.5x10,
which is lower than 5%, showing that its coefficients are relevant predictors of yield stress. The proposed
model shows a strong correlation between the response and predictors, demonstrated by its multiple R2
of 0.94 and adjusted R2 of 0.90. The signal-to-noise ratio is acceptable, provided an F-statistic of 25.58.
The optimal setting to maximise predicted yield stress based on the significant factors and interaction
effects occurs at low levels of SP (-1) and WA (-1), and at a low level of VMA (-1) is hence given by:
T9o(-1,-1,-1) =540.75 £ 54.47 = (486.28, 595.22)Pa. Figure 4 shows the yield stress as a function of
two predictors at a time.
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Figure 3. Yield stress response as a function of SP, WA and VMA content.
3.3. Plastic viscosity

The main effect plot in Figure 4(a) displays a distinct influence of superplasticiser on the plastic viscosity
than the one observed in the yield stress, while both VMA and WA depict similar trends. It is seen that
increasing the SP and VMA content raises the viscosity. In contrast, increased WA content drastically
drops the mortars' viscosity. It can be observed in Figure 4(b) a strong interaction between SP and VMA,
depicted as the inversion of line slopes for variations in VMA when SP is at a low level (-1) as opposed
to at its high level (+1). The VMA and WA factors show a mild interaction depicted by the line slopes
running almost parallel. Ultimately, there is no interaction between SP and WA, given the similar
variation in the average response of SP and WA both at high and low levels. Therefore, the interaction
SP: VMA and VMA: WA were worth including in the empirical model.
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Figure 4. Effects plots of admixtures and water absorption content on the viscosity.

Considering the most significant main and interaction factors analysed, a 1%t order linear regression
experimental model is used to describe the relationship of admixtures content and water absorption with
the viscosity, as given in coded units:

;}(Sp,Vma,Wa) = Bo + B1(Sp) + B2(Vma) + B3(Wa) + B12(Sp Vma) + faz(Vma X Wa) + € ()
u(Sp,Vma,Wa) = 165.09 + 22Sp + 40.75Vma - 138.5Wa + 35.255p X Vma - 24.25Vma X Wa + € (6)

Where 1 is the predicted plastic viscosity in Pa.s, sp is the superplasticiser content by binder %wt, the
VMA is the viscosity modifying admixture content binder %wt, and WA is the water absorption by cork
%wt. The 1, B2 and B3 are the regression coefficients associated with SP, VMA and WA content,
respectively, and By is the average response. The regression coefficient 12 corresponds to the
interaction between the process parameters SP and VMA, and 3 to VMA and WA interaction. The
term 'e' is the random error component of 48.12 Pa.s, which is approximately normal and independently
distributed with mean zero and constant variance o. The model's p-value of 4.2x103 which is
considerably lower than 0.05, shows that the regression coefficients are good predictors for actual
viscosity values. Moreover, the proposed model shows a strong correlation between the response and
predictors, demonstrated by its high multiple R2 of 0.94 and adjusted R? of 0.88. The signal-to-noise
ratio is acceptable, provided an F-statistic of 16.
The optimal setting stems from the combination of superplasticiser at a low level (-1), a maximum VMA
content (+1), and water absorption of cork granules at a high level (+1) as follows:
u(-111)= -14.16 +£48.12 =(-62.28,33.96) Pa.s. Since a negative viscosity value is physically
improbable, the model underestimates the viscosity at regions with high levels of water content and
VMA.
As observed in the experimental runs, the plastic viscosity drastically drops at high water content,
changing the mortars' flow behaviour. However, given the physical constraints and the fluctuation
associated with the model prediction, it is plausible to consider that a viscosity value assumes a positive
error at this level combination. The viscosity response as a function of two predictors a time is shown in
Figure 5.
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Figure 5. Plastic viscosity response as a function of SP, VMA and WA content.
3.4. Extrusion behaviour of mixes

Validating the mortar's extrudability through printing trials is a key step in the material's design. A test
set-up consisting of an extruder (Makita) attached to a robot arm allows simulating a printing process
on a small-scale disregarding influence of the pump. Based on the optimal settings obtained in sections
3.2 and 3.3. strategic compositions were selected for the printing trials to determine the range of yield
stress and plastic viscosity of the mortars to meet all printing requirements (see Figure 6 mixes with a
plus sign assigned). In this study, a mortar is considered extrudable if the following criteria are met: (1)
a single layer filament keeps its shape with a slump off inferior to 5 mm; (2) the first layer keeps its shape
upon placement of subsequent layers, up to 9 layers, meaning the first layer static yield stress bears the
weight of subsequent layers; (3) absence of tearing and buckling in a filament at same printing speed.
As proposed in the empirical model, a higher yield stress is given at combinations of low SP 0.25%wt
(-1) and water content 100 %wt (-1), as is the case of mix 1, mix 3, with a lower impact of VMA content
0.05t0 0.10 %wt (-1,+1), see Figure 6. Because higher stress can be correlated to a superior static yield
stress, the material attains a greater resistance to flow at rest; these two compositions are more likely
to attain a proper extrusion. Figure 7a shows how stable the first layer of mix 1 is to plastic collapse for
a printed sample of 4 cm wide and 9 cm high.

In an opposite extreme, with low yield stress values, are the mortars with very soft consistency
composed of mix 2 (high SP content, low WA and low VMA), mix 6 and mix 8 (high WA, and varying SP
and VMA content), refer to Figure 6. These mixes do not retain their shape when extruded due to low
values of yield stress, which lower the static yield stress. Therefore, they were not tested, and a zero
was assigned.

At the left extreme are Mix 7 and Mix 5 with sufficient yield stress and very low viscosity due to low SP
content combined with high water content and very low viscosity obtained as the optimal setting for low
viscosity. The combination of sufficient yield stress and low viscosity resulted in a smooth printing in
which the bottom layers accommodate upon placement of subsequent layers but do not deform
considerably to cause plastic collapse, see Figure 7c. Mix 4 is in the diametral opposite attaining a lower
yield stress of 239 Pa and considerably high plastic viscosity of 467Pa.s, and together with mix 9, which
has approximate yield stress but half the value of plastic viscosity, do not hold their shape upon
extrusion, spreading off in the printing table as it can be seen in Figure 7b and Figure 7d. Printing tests
revealed that mixes with yield stress above 300 Pa are printable for viscosity values between 10 Pa.s
to 290 Pa.s.

It can be concluded that the content of the three studied factors, superplasticiser, is the most critical
factor affecting printability. Based on printing trials, variations in VMA and WA content did not affect the
extrudability as much as superplasticiser, being content above 0.375% an impairment. The printing trials
performed in mixes with scattered combinations of yield stress and plastic viscosity showed that the
yield stress governs the extrudability behaviour. In contrast, changes in the plastic viscosity have not
impacted the printing quality as much. Thus, the author suggests aiming for a yield stress above 300 Pa
for proper printing with a plastic viscosity as low as possible to avoid segregation and reduce strain in
the pumping system in a later stage. Mix 1 provided the best factor settings and printing results among
all compositions.
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Figure 6. Printability of mixes concerning yield stress and plastic viscosity.
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Figure 7. Printing trials performed in four compositions.

4. Conclusion

This work offers insights into how a superplasticiser, a viscosity-modifying admixture, and the water
uptake of a lightweight aggregate influence the rheological behaviour of lightweight aggregate mortars
for 3D printing. Through a 23 full factorial designed experiments, a vane rotational rheometer test was
employed to determine the influence of the 3 factors on yield stress and plastic viscosity of mortars
based on the Bingham Model. The predicted yield stress is determined by a 2" order quadratic
regression which accounts for the main effects of superplasticiser and water absorption, as well as the
interaction between superplasticiser and VMA, whilst the plastic viscosity holds a linear relationship with
the predictors.

This study concludes that superplasticiser is the most critical factor affecting printability. Based on
printing trials, variations in VMA and WA content did not affect the extrudability as much as
superplasticiser, being content above 0.375% an impairment. The printing trials performed in mixes with
scattered combinations of yield stress and plastic viscosity showed that the yield stress governs the
extrudability behaviour. In contrast, changes in the plastic viscosity have not impacted the printing quality
as much. Thus, the author suggests aiming for yield stress above 300 Pa for proper printing with a
plastic viscosity as low as possible to avoid segregation and reduce strain in the pumping system in a
later stage. Mix 1 provided the best factor settings and printing results among all compositions.
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